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RÉSUMÉ 
Les roches stériles  sont extraites des mines pour accéder aux zones minéralisées. Le traitement 
de cette roche n’est  pas économiquement rentable. Les roches stériles  sont habituellement 
transportées par camions (ou convoyeurs) et disposées en haldes à la surface. Ces haldes doivent 
être conçues de manière à assurer leur stabilité géotechnique pendant que la mine est en opération 
et après sa fermeture. La construction  optimale de ces haldes à stériles requiert une bonne 
planification. La présente thèse traite de l’analyse de la stabilité des haldes de grande taille.   
Les principaux objectifs du travail présenté dans cette thèse consistent à i) enrichir les 
connaissances sur le comportement géotechnique des haldes à stériles de grande taille, ii) étudier 
l’effet des propriétés mécaniques des matériaux  sur la stabilités des haldes, iii) améliorer la 
capacité d’évaluer la stabilité de la pente des haldes selon différentes configurations internes et 
externes, iv) étudier les effets de l’infiltration d’eau et des fluctuations des pressions interstitielles 
négatives (succion matricielle) sur la stabilité des pentes des haldes à  stériles en conditions non 
saturéessur le facteur de sécurité, et v) étudier l’influence de la variabilité spatiale des propriétés 
mécaniques des matériaux dans les haldes  sur leur stabilité.  
Même si elles se basent sur des situations typiques, les analyses n’ont pas été menées pour 
simuler en détail un cas spécifique, mais plutôt pour mettre en application une procédure 
d’évaluation systématique de la stabilité des haldes à stériles non saturées, en tenant compte des 
paramètres qui l’influencent. 
Ces analyses ont été menées en appliquant la méthode de l’équilibre limite à partir de l’état des 
contraintes obtenu d’une analyse par la méthode des éléments finis, et utilisé pour évaluer le 
facteur de sécurité (FS). L’écoulement de l’eau et la répartition de l’humidité dans les haldes ont 
également été pris en compte. Les analyses ont été réalisées à l’aide du groupe de  logiciels de la 
suite Geostudio 2007 (i.e. SEEP/W, SIGMA/W et SLOPE/W; GeoSlope International Ltd, 2008). 
Une analyse de sensibilité relativement exhaustive a également été menée pour étudier les 
facteurs qui inflencent la stabilité de la pente des haldes à stériles. Les résultats indiquent que leur 
stabilité peut être affectée par différentes caractéristiques, incluant la configuration géométrique 
(c.-à-d.  angle d’inclinaison des pentes et la présence de bancs  et de couches internes), ainsi que 
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par les propriétés  géotechniques (tels que l’angle de friction interne et la cohésion apparente des 
stériles miniers et de la  fondation).  
Un autre aspect spécifique de cette recherche consistait à investiguer le rôle de la succion 
matricielle à l’intérieur des halde sur la stabilité de la pente. Les résultats montrent les impacts 
positifs de cette cohésion apparente générée par la succion matricielle (dans des conditions non 
saturées) sur le facteur de sécurité.  L’analyse a pris en compte différents flux hydriques 
(recharges) en fonction de leur intensité et de leur durée, sur la circulation et la distribution de 
l’eau (et des succions) dans les haldes non saturées et l’effet sur la stabilité. Divers scénarios ont 
été considérés dans cette étude pour évaluer comment les précipitations affectent la succion (de 
même que la cohésion apparente) et le facteur de sécurité.  
Ce projet de recherche inclus aussi différentes analyses probabilistes. L’impact du coefficient de 
variation et de la variabilité spatiale a été pris en compte afin d’évaluer leur influence sur la 
stabilité de la pente des haldes selon les valeurs du facteur de sécurité, de l’index de fiabilité et de 
la probabilité de défaillance.  
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ABSTRACT 
Waste rock is extracted from mines to reach the ore zones and is not economically valuable. They 
are usually transported by truck (or conveyor) and placed in waste rock piles on the ground 
surface. Waste rock piles must be designed to ensure their geotechnical stability during mine 
operations and after closure. The optimal construction of a pile requires detailed planning. This 
thesis deals with the stability analysis of large waste rock piles.   
The main objectives of the work presented in this thesis were to i) increase the knowledge of the 
geotechnical behaviour of large waste rock piles, ii) investigate the effect of material properties 
on waste rock pile stability, iii) improve the ability to estimate the slope stability of waste rock 
piles of different internal and external configurations, iv) investigate the contribution of water 
infiltration and change in  the matric suction (negative pore water pressure) on the slope stability 
of unsaturated waste rock piles and the related changes in the factors of safety, and v) study the 
influence of spatial variability of the waste rock mechanical properties  on  stability.  
This study used numerical analysis to assess the behaviour and stability of unsaturated waste rock 
piles. Although based on typical situations, these analyses were not intended to simulate 
particular cases in detail, but rather to apply a systematic procedure to evaluate the stability of 
unsaturated waste rock piles and investigate the influencing parameters.  
The analyses were conducted by applying the limit equilibrium method based on the state 
obtained from finite element analyses to assess the factor of safety (FS). Internal water flow and 
moisture distribution in the piles were also taken into account.  The commercial software package 
Geostudio 2007 (SEEP/W, SIGMA/W, and SLOPE/W; GeoSlope International Ltd, 2008) was 
used for these analyses. 
A comprehensive sensitivity analysis was completed to investigate the factors that influence the 
slope stability of waste rock piles. The results indicate that waste rock pile stability can be 
affected by different parameters including geometric configuration (i.e. local and global slope 
angles, the presence of benches and internal layers) and geotechnical parameters (such as internal 
friction angle and apparent cohesion of the waste rock and foundation).  
Another specific aspect of this research was to investigate the role of matric suction distribution 
inside the waste rock piles and its effect on slope stability. The results indicate the positive 
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contribution of apparent cohesion generated by matric suction (under unsaturated conditions), on 
the slope stability and factor of safety. An extensive parametric study was conducted for different 
applied water flux (recharge) rates (intensity and duration) to obtain a better understanding of the 
water movement within the unsaturated piles and its effects on pile stability. Different scenarios 
were considered in this study to evaluate how rainfall infiltration affects the suction (and apparent 
cohesion) and the factor of safety.   
Probabilistic analyses were also included in this research project. The impact of the coefficient of 
variation (COV) and spatial variability was studied, and their influence on slope stability of waste 
rock piles was assessed on the factor of safety, reliability index (RI) and the probability of failure 
(PoF).  
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CHAPTER 1 INTRODUCTION 
Waste rock from hard rock mines is produced by  the blasting and extraction process  Waste rock, 
which lacks sufficient value for treatment (Tachie-Menson, 2006), is usually transported by 
trucks (or conveyors) and disposed of in waste rock piles (sometimes called dumps) for long-term 
disposal. These are among the largest types (by volume, weight or height) of man-made 
constructions (Robertson, 1982; Wickland and Wilson, 2005; McLemore et al., 2009). Waste 
rock piles are typically designed and constructed on the ground surface to prevent the retention of 
water behind or above the pile surface. As a result, most of the piles are unsaturated (Nelson and 
McWhorter, 1985). 
The behaviour and the stability of waste rock piles have not been studied extensively, in part due 
to their lack of economic significance in the mining process. The most important aspects 
considered for their design are the general location (preferably near the mine site), transport, 
placement (based on available equipment), and other short-term economic factors. A few decades 
ago (starting mainly in the 1980s), environmental organisations and governmental agencies 
started demanding improvement in the design of waste rock piles on safety and reclamation 
(Klohn Leonoff Ltd., 1991; Piteau Associates Engineering, 1991). This thesis pursues this line of 
work by extending the investigation of the slope stability of piles, taking into account the 
consequences of internal and external structures, hydro-geotechnical properties and rainfall 
patterns.  
This dissertation addresses the issue of slope stability of waste rock piles having characteristics 
fairly similar to those constructed at various mine sites. The main objective is to develop and 
apply a general approach to the assessment of the stability of unsaturated waste rock piles under 
various conditions. The investigation takes into account several influencing factors including 
internal features and external geometry of the pile, distribution of pore water pressures before, 
during and after rainfall, and the spatial variability of important geotechnical properties. The 
study uses numerical simulations as the main tool in the analytical process.  
The specific objectives of the thesis can be summarised as: 
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i. Assess the basic physical and geotechnical characteristics of waste rock and waste rock 
piles. 
ii. Develop (partly) coupled analytical models to investigate the sensitivity of different 
parameters, including the pile internal features and external geometry (i.e. height, slope 
angle, compacted layers, the number of benches, etc.), and material properties (i.e. 
geotechnical and hydrogeological). 
iii. Develop models to simulate pore water distribution and stress-strain behaviour, and then 
assess slope stability analysis of unsaturated waste rock piles under various rainfalls (i.e. 
recharge conditions).  
iv. Implement stochastic analysis of the main input parameters and apply to pile slope 
stability. 
v. Investigate ways to improve slope stability. 
vi. Recommend practical means to improve stability and also topics for future research. 
 
This thesis consists of seven chapters. The organisation and the content of each chapter are 
summarised as follows: 
Chapter 1 (current chapter) provides a short introduction to the project and briefly describes the 
content of the thesis.  
Chapter 2 presents a literature review of relevant knowledge on waste rock piles. The chapter 
starts by presenting different methods for the construction of waste rock piles. This is followed 
by a description of the geometric configuration of waste rock piles. Previous investigations 
indicate that the degree of compaction and material (particles) segregation creates internal 
features within piles. The literature review also includes a summary of the main properties of 
waste rock, such as grain size distribution, the angle of repose, and initial friction angle. The 
unsaturated behaviour of granular materials is also addressed in this chapter, and typical 
hydraulic properties of waste rock (i.e. volumetric water content, hydraulic conductivity) are 
presented. The influence of negative pore water pressures on strength (i.e. apparent cohesion) is 
also reviewed, together with seepage flow in the unsaturated zone. The last sections contain a 
review of slope stability analysis. It includes different methods of slope stability and recalls 
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factors that affect stability. Previous studies have shown that the flow and water distribution 
within waste rock piles are difficult to measure or predict due to the complex internal structure 
and material characteristics. This chapter finishes with a review of probabilistic analysis, with a 
definition of the main input and output parameters related to Monte-Carlo analysis. A single 
factor of safety may not be enough to discuss the stability of a waste rock pile and other 
parameters (such as the reliability index RI and the probability of failure PoF) can be used to 
obtain a more complete assessment, these tools are applied later in the thesis.  
Chapter 3 describes the approach used for the modelling and the methodology applied for 
conducting the stability analyses on waste rock piles under unsaturated conditions. The chapter 
includes a basic description of the problem and presentation of the calculation tools, including the 
fundamentals of numerical modelling with the finite element combined with limit equilibrium 
methods. Also, some of the main challenges related to the stability analyses of waste rock piles 
under unsaturated conditions are briefly addressed.  
Chapter 4 presents preliminary results from slope stability analyses for constant conditions in the 
piles (mainly for dry cases). The effects of apparent cohesion (produced by the matric suction) on 
the stability of unsaturated waste rock pile are also investigated. The results serve to illustrate the 
influence of different factors such as pile geometry, waste rock properties and matric suction on 
the stability of the waste rock pile. These results are obtained by a coupled approach using 
SIGMA/W and SLOPE/W.  
Chapter 5 presents the calculations results on the effect of relatively short and heavy rainfalls on 
the stability of unsaturated waste rock piles. The results show that the shear strength produced 
from matric suction can change over time and location due to the evolution of the water 
distribution. These results are obtained from an (indirect) coupled approach using SEEP/W, 
SIGMA/W, and SLOPE/W, starting with the pore water pressures, and the stress distributions, 
which are then used to assess the factor of safety and the critical slip surfaces. The chapter 
provides specific details on seepage modelling and slope stability analyses for transient 
conditions. Different rainfall patterns were applied as boundary conditions to evaluate time-
dependent phenomena. The presence of loose and compacted waste rock layers was also taken 
into account. Chapter 6 presents the results related to uncertainties on the stability (and 
reliability) of waste rock piles. The results demonstrate the effect of having non-unique values for 
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different parameters through probabilistic analyses, using the Monte-Carlo approach as 
implemented in SLOPE/W. This last section summarises and discusses the main results of the 
research project. Limitations of this study are addressed at the end of this chapter. 
Chapter 7 presents the conclusion with key findings and recommendations for further work. 
Supplementary information and results are presented in the appendices.  
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CHAPTER 2 LITERATURE REVIEW 
Waste rocks produced by mining operations are not sufficiently economically valuable for 
processing. They are usually transported by trucks (or conveyors) and disposed of in waste rock 
piles, which are among the largest (by volume, weight or height) man-made structures 
(Robertson, 1982; Wickland and Wilson, 2005; Tachie-Menson, 2006; McLemore et al., 2009).  
Waste rock typically includes a very wide range of particle sizes, from fine-grained particles 
(µm) to cobbles and boulders (m). The piles can form massive structures that may contain more 
than 500 million cubic meters of waste rock with heights of up to 300 m (McCarter, 1990; Fala, 
2002).  
This chapter begins by reviewing the different methods for site selection and construction of 
waste rock piles. Then it presents a literature review of the properties of waste rock (i.e., 
mechanical, geotechnical and hydraulic). Next a background of the slope stability analysis is 
presented, and different methods are briefly reviewed. The topics reviewed here include factors 
affecting the stability, rainfall infiltration, and probabilistic analysis. The information presented 
in this chapter will provide the reader the necessary background to understand the methodology 
and analysis undertaken in this research project.  
2.1 Site selection and construction of waste rock piles  
The characteristics of the site should be comprehensively investigated in the process of site 
selection (Klohn Leonoff Ltd., 1991; Piteau Associates Engineering, 1991). It is often preferable 
to select a location close to the mine site to minimize transportation, although other issues may 
favor more distant sites (i.e. the watershed and reclamation scenarios).  
Different factors including geological, geotechnical, hydrogeological, hydrological, 
topographical, climatic, environmental, economic and operational parameters can influence the 
selection of an appropriate site for a waste rock pile (Aubertin et al., 2002a). Due to the many 
different factors, this selection process can be quite a challenge (Hustrulid et al., 2000).   
The short or long term geotechnical stability of piles must also be considered in this process. As 
will be shown later, the pile stability can be influenced by various factors such as geometry, 
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properties of the materials, methods of construction, foundation conditions, climate, and 
hydrology.    
The most suitable method for construction of a waste rock pile should be evaluated based on the 
topography of the area, foundation conditions, available equipment, and overall pile design 
(Piteau Associates Engineering Ltd., 1991). The five main types of pile configurations are 
described below (Aubertin et al., 2002a; Fala, 2002; Tachie-Menson, 2006; Fala, 2008); either 
one or a combination of them can be considered.  
Figure 2-1 (a) shows a schematic view of the valley fill type pile. The waste rock fills the valley 
partially or entirely. Issues such as disruption of stream flow, the creation of a large pond 
upstream and the potential of overtopping due to a large flood should be avoided. As these may 
result in slope failure (Claridge et al., 1986). The construction should begin at the upstream end 
of the valley with dumping proceeding along the downstream face while the surface is sloped and 
graded prevent water ponding at the head of a valley. Construction of culverts or diversion 
ditches may be needed (Tachie-Menson, 2006).   
Figure 2-1 (b) shows a cross-valley fill type pile that starts from one side and crosses the valley 
without filling the upstream end. There is a need for diversion elements (ditches or culverts) to 
transport water around or through the pile to avoid impounding water upstream. 
Figure 2-1 (c) presents a schematic view of the side hill fill type pile. These piles are constructed 
on sloping terrain with the slope in the same direction as the foundation. The pile lies along the 
side of the hill without crossing the valley or blocking any major drainage courses (Tachie-
Menson, 2006). 
Figure 2-1 (d) shows a pile that links the crest of a ridge (ridge-crest fill type). The waste rock 
material is placed along both sides of the area, and the fill is sloped on both sides of the crest.  
The heaped fill type is a pile on level terrain.  It consists of a waste rock with slopes on all sides 
(Figure 2-1 (e)). These are constructed on the flat or moderately inclined terrain and typically 
surface of these piles is flat.  
 
7 
 
 
 
 
  
 
 
Figure 2-1: Different construction types, a) Valley fill pile; b) Cross-valley fill; c) Sidehill fill 
pile; d) Ridge crest pile; e) Heaped pile (a, c and e  adapted from McCarter (1990), taken from 
Aubertin et al., (2002a);  b and d taken from Wahler (1979)) 
2.1.1 Construction methods 
The construction method depends on the selected site particularly the topography, equipment 
available for transportation and physicochemical characteristics of the waste rock (Burnley, 
1993). Each of the methods leads to a different degree of compaction and segregation that may 
(a) (b) 
(e) 
(c) (d) 
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impact water movement in a pile (Morin et al., 1991; Fala, 2002). Four main construction 
methods are summarized below.   
End dumping 
The waste rock is directly dumped from the trucks along the crest of the pile and tumbles down 
the slope due to an initial velocity and gravity. The coarser particles tend to come to rest near the 
toe due to higher momentum and finer particles usually come to rest near the crest due to lower 
momentum, creating segregation. Lower piles may result in less segregation than higher piles 
(McLemore et al., 2009).  
The resulting surface takes the angle of repose of the waste rock, sub-parallel to the initial slope, 
resulting in successive layers of segregated materials (Robertson, 1982, 1985; McLemore et al., 
2005). The dozers then rework the surface to keep it clear from boulders and try to create a 
positive slope outward (to the crest). Compacted layers are created over larger boulders and 
cobbles. Gradually, as the pile is extended, the overall configuration (with compacted layers over 
coarse layers) can change depending on whether this extension is horizontal or vertical (built on 
several levels) (Burnley, 1993). These features have a major influence on water flow inside the 
pile (Fala, 2002, 2008).  
There usually exist three particle size zones along the slope for this method; the fine-grained 
particles near the top, the coarser particles at the base and intermediate particles in a transitional 
zone as shown in Figure 2-2.  
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Figure 2-2: Construction of waste rock piles using end dumping; during (a) and after (b) 
McLemore et al. (2009); during (c), after (d) Martin (2004) 
Push dumping 
The waste rock is dumped into the surface, near the crest, and bulldozers push the waste rocks 
deposited near the crest by trucks off the slope. Compared to the end-dumping method, the initial 
velocity is lower here. The smaller momentum results in less segregation (Fala, 2002; McLemore 
et al., 2009). In the push dumping method, only about 40% of coarse particles reach the base of 
the slope, while this proportion is about 75% with end-dumping (Nichols, 1986).  
Free dumping  
Small embankments (heaps) are deposited on the pile surface, as individual stacks with a height 
of about 2 m. This method is typically used early in the project and later replaced by end-
dumping or push dumping methods. The surface is then leveled and compacted (Aubertin et al., 
2002b), achieving more compaction and less segregation (Quine, 1993; Tachie-Menson, 2006). 
(a) (b) 
(c) (d) 
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The resulting layers can differ in the degree of compaction when the method involves the 
movement of heavy machinery on the surface.  
Dragline  
This approach used a dragline for transport and handling of waste rock, which is relatively 
common in the large-scale mining of flat deposits near the surface (such as coal). The segregation 
is rather limited, and the material is less dense (less compacted) compared to other methods 
(Aubertin et al., 2002a; McLemore et al., 2009). 
2.1.2 Geometric configuration  
The geometric configuration of piles can be described based on the internal and external 
geometry. The internal geometry relates to features within the pile (including their number, 
thickness, inclination and degree of compaction), while the external geometry relates to its 
external characteristics (circular, long, with or without benches). The main influencing the 
internal structure are material properties, mineral composition, blasting and sequencing, 
transportation and dumping, and climatic conditions (Azam et al., 2007). These characteristics 
may change over time.   
Different geometric features of piles have been described in the literature (Smith et al., 1995; 
Herasymuik, 1996; Wilson, 2000; Aubertin et al., 2005). Figure 2-3 illustrates the typical internal 
structure of a pile constructed by an end-dumping or push-dumping method on a relatively flat 
surface. In this schematic view, the sub-horizontal layers are formed by the passage of heavy 
equipment on each bench. Movements of heavy equipment create denser layers on the surface 
(crushed and compacted materials, up to 1 m in thickness; Martin, 2004). The side zones are 
affected by the graded bedding and inclined stratification on the slope. Such stratification and 
heterogeneity have important effects on the fluid flow behavior (Fala, 2002; 2005) and the 
geotechnical and geochemical responses of waste rock piles (Aubertin et al., 2005; Molson et al., 
2005; Fala et al., 2006).  
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Figure 2-3: Sectional view of a waste rock pile with segregation along the slope (Aubertin et al., 
2005)  
2.2 Waste rock properties (mechanical, geotechnical)  
Particle size distribution 
It is not easy to obtain accurate gradations of waste rock in piles (Fala, 2008). As material 
heterogeneity, segregation, and the presence of large boulders make measurement difficult (or 
inaccurate). Different methods such as sampling and laboratory measurements, in situ 
determination and image analysis of photographs, can be used to estimate the particle size 
distribution (McLemore et al., 2009).  
Typical waste rock shows a wide gradation curve (from silt to boulders size); with a coefficient 
of uniformity CU (= D60/D10; ratio of the sieve size that permits the passage of 60% of the 
particles and of 10% of the particles by weight) of 20 or more (Barbour, SL et al., 2001; Aubertin 
et al., 2002a; Gamache-Rochette, 2004).  
For such well-graded (or widely graded) materials (CU >> 5-6), the main construction method 
(end-dumping or push dumping) results in segregation. The grain size distribution curve can be 
used to identify the characteristics and behavior of water flow within a waste rock pile. For 
example, the proportion of fine and coarse material affects the hydraulic properties of the soil.   
12 
 
 
Some grain size distributions of different waste rock that have been measured (laboratory or in 
situ) and reported in the literature are presented in Figure 2-4; the origin of the curves is given in 
Table 2- 1. 
  
 
Figure 2-4: Grain size distribution curves from literature- see details in Table 2-1   
 
The distributions shown in Figure 2-4 indicate that bulk of the grain size curves are often in the 
sand and gravel range (from 75 μm to about 4.5 mm to about 10 cm and more).   
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Table 2-1: Identification of the gradation curves shown in Figure 2-4 
Curve No. Reference 
No.1, No.2 
B-zone waste rock pile at Rabbit Lake mine in Canada  
(Ayres et al., 2006) 
No. 3-1 to No.3-5 Golden sunlight mine, Montana (Azam et al., 2007)  
No. 4 
Libiola Fe-Cu sulfide mine, eastern Liguria, Italy (Marescotti 
et al., 2008)  
No.5-1 to No. 5-5 Bonner mine, Colorado (Stormont and Farfan, 2005) 
No.6-1, No. 6-2 
Stockpile in the Ruhr district, Germany(Neumann-Mahlkau, 
1993) 
No.7 
Range of four rock piles from Carlin deposits, Nevada (Quine, 
1993) 
No.8 -1 to No. 8-4 Questa rock piles (Nunoo, 2009) 
No. 9-1, to No. 9-3 (Gamache-Rochette, 2004; Aubertin et al., 2005) 
No. 10-1 to No. 10-4 
Field samples were chosen for large diameter pressure plate 
testing  (after Herasymuik (1996) 
No. 11 (1-2) Samples from the GHN rock pile (Gutierrez, 2006) 
No.12-1 to No. 12-6 (Boakye, 2008) 
No.13  (Peregoedova, 2012) 
No. 14 Goldstrike Mine (Martin, 2004) 
 
Density and specific gravity   
The in Situ density of waste rock can range from 1600 to 2200 kg/m3 (Williams, 2000). The 
specific gravity of particles (Gs or Dr), can vary between about 2.6 to 4.8  and more (e.g. 
(Kesimal et al., 2004; Bussière, 2007). Table 2-2 presents some values of density and specific 
gravity for waste rock material from the literature. 
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Table 2-2: Summary of various parameters of waste rock 
Mine 
Dry density 
 kg/m3  
(mean) 
Density in situ 
(wet density) 
 kg/m3 
(mean) 
Specific  
Gravity 
(mean) 
References 
Davis mine 2650 - - Adams et al. (2007) 
Ajo, Arizona 1943 - - Savci and Williamson (2002) 
Golden sunlight 
Montana 
1900 to 
1990 
- - Azam et al. (2007) 
Lichtenberg pit  
Germany 
2100 - 2.75 Hockley et al. (2003)  
Changi - - 2.66 Na et al. (2005) 
Middle rock pile 2220 2600 2.74 
Boakye (2008) 
Sugar shack west 1920 2150 2.78 
Spring Gulch 
rock pile 
1760 2010 2.74 
Sugar shack 
south 
1890 2100 2.82 
Pit alteration scar 1800 2010 2.76 
Debris flow 2020 2120 2.71 
 
Angle of repose (β)  
The angle of repose (β) is relevant in assessing pile stability. Quine (1993) measured the angle of 
repose of several waste rock piles and obtained 37° ± 3. Burnley (1993) reported two different 
piles with overall slopes of32º to 37° for one and 28º to 38° for the other.  
Baumer (1973) indicated that angles of repose approaching 37° were likely as a result of push 
and end dumping in waste rock piles (based on the Bougainville copper project). An average 
angle of repose for free-dumped or end-dumped cohesionless rockfill within the range of 35 to 
40° ( typically very close to 37°)  is also reported in the literature (Piteau Associates Engineering, 
1991; Williams and Rohde, 2008). 
Internal friction angle ϕꞌ 
The internal friction angle (ϕꞌ) is a measure of the frictional strength of the material the particles. 
Its value can be determined experimentally using different tests (such as direct shear or triaxial 
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tests), depending on the grain size. Different parameters may affect the internal friction angle 
(Hustrulid et al., 2000).  
i. Particle size distribution 
In relatively fine-grained soils, an increasing amount of coarse particles typically results in an 
increase of the internal friction angle (Leps, 1970; McLemore et al., 2009). The values of ϕꞌ 
typically decrease with decreasing the coefficient of uniformity, CU (Hawley, 2000; Holtz et al., 
2010); adding finer particles and filling the voids between coarser particles can increase the 
friction angle by as much as 10° (Statham, 1974).  
Figure 2-5 shows the general relationship between the internal friction angle ϕꞌ, density (and 
density index ID) and soil classification for cohesionless soils. Well-graded soils typically have a 
greater friction angle (Holtz et al., 2010). This angle also increases when going from a fine-
grained soil (silt) to a coarser material (sand and gravel).   
 
 
Figure 2-5: Correlations between the internal  friction angle and density for different soil 
types; adapted from Navfac (1982) and Holtz et al. (2010) 
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Typical internal friction angle values for medium-dense sand can range from 32º to 38º and for 
medium-dense sandy gravel the range is from 34º to 48º (Das, 1983), which gives an indication 
of what can be expected for waste rock, as their grain size is often dominated by the sandy and 
gravelly fractions (between 75 , and 10 cm approximately) (Aubertin, 2013).  
Figure 2-6 was obtained from published rockfill test data. It estimates the S-value as a function of 
UCS (σc) (equivalent strength) based on rockfill particle size (d50) (Barton and Kjaernsli, 1981). 
The reduction of particle strength due to mean particle size decrease is more pronounced under 
triaxial conditions compare to plane strain conditions. Friction angles are typically several 
degrees higher (e.g. about 2° to 4°) when plane strain tests are compared with triaxial tests on the 
same material. There is noticeably less crushing of particles in the former case (Barton, 2008).  
 
Figure 2-6: Estimation of equivalent strength (S) of rockfill based on D50 value (cited by Barton, 
2008) 
ii. Particle characteristics (i.e. shape, surface roughness)  
The angularity and surface roughness of particles have a direct impact on the internal friction 
angle (Barton, 2008; Holtz et al., 2010). A comparison between angular and sub-round particles 
showed a difference in the value of ϕꞌ as large as 7.5°, at a void ratio of 0.80 (Vallerga et al., 
1957).  
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Barton (1981) presented R (equivalent roughness) as a function of porosity of the rockfill and 
particle origin (Figure 2-7, a). He found that increasing the rockfill particle angularity results in a 
higher equivalent roughness and internal friction angle.  
 
 
 
Figure 2-7: Empirical method to estimate the equivalent roughness R of rockfill as a function of 
porosity and particle origin, roundness and smoothness (adapted from Barton and Kjaernsli, 
1981) 
Figure 2-8 illustrates the relationship between roundness (i.e. average radius of curvature of 
surface features about the radius of the maximum sphere which can be inscribed in the particle) 
and critical state friction angle (ϕc, the minimum friction angle for soils) (based on the 
experimental data). The results show that an increase of roundness from 0.1 (very angular) to 1 
(well rounded) produces a decrease of the critical state friction angle ϕꞌ of sandy soils from 40º to 
28º approximately (Cho et al., 2006).  
Most probable for waste rock 
(a) 
(b) 
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Figure 2-8: Effect of particle shape on critical state friction angle for sand; adapted from Cho et 
al. (2006)  
iii. Confining stress level  
There is an inverse relation between the internal friction angle and the confining pressure 
(Marachi et al., 1969; Anderson and Anderson, 1970; Leps, 1970; Becker et al., 1972; Skempton, 
1975; Hribar et al., 1986; Hawley, 2000; Linero et al., 2007; Holtz et al., 2010). As confining 
pressure increases, the tendency of particles to crush under pressure increases (Quine, 1993). 
Leps (1970) studied the results from (Marasal, 1965) and indicated adding 10 psi (69 kPa) may 
decrease ϕꞌ by 3 or 4°. Billam (1971) mentioned a decrease of friction angle from 58.4° to 36.9° 
while the pressure is increased from 3 kPa to 10 MPa on a limestone sand (Billam, 1971). 
Charles (1990) also reported a decrease of internal friction angle (rockfill) from 62° to 36°  when 
the confining stress increased from 20 to 500 kPa (Charles, 1990) cited by Quine (1993)). 
The internal friction angle typically increases with increasing density or decreasing void ratio 
(Holtz et al., 2010). Figure 2-9 illustrates the relation between void ratio, effective normal stress, 
and shear test results for Ottawa sand. For both loose and dense sand, an increase of effective 
normal stress results in a reduction of friction angle (Das, 1983). Denser sands nonetheless 
remain stronger (higher value of ϕꞌ) than loose sands. 
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Figure 2-9: Variation of peak internal friction angle with effective normal stress for direct shear 
tests on standard Ottawa sand; adapted from Das (1983) 
 
Leps (1970) presented Figure 2-10 based on a large number of large-scale triaxial shear test data 
for rockfills of various types (cited by (Barton, 2008).  It presents a relationship between the 
friction angle and normal stress for different density of rockfills. The lines semi-log plot indicates 
that there can be a large variation in friction angle φꞌ with the confining pressure and density.  
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Figure 2-10: Peak shear strength data for rockfills from Leps (1970); adapted from Barton (2008) 
Published results from different authors have shown that the typical internal friction angle ϕꞌ,  
which controls the shear strength of waste rock (under effective stresses), can vary between 21º 
(for softer rock) and 62º, with usual values for hard rocks ranging between 34º and 45º (Quine, 
1993; URS Corporation., 2003; Gutierrez, 2006; Boakye, 2008; McLemore et al., 2009; Nunoo, 
2009) 
 
2.3 Behaviour of unsaturated soils 
Waste rock piles are usually under unsaturated conditions (Nelson and McWhorter, 1985). Figure 
2-11 presents a schematic overview of the natural hydrologic cycle. The precipitation, 
evaporation, and evapotranspiration are important natural mechanisms that influence the depth 
and extent of the unsaturated zones (Lu and Likos, 2004). 
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Figure 2-11: The unsaturated zone and the  natural hydrologic cycle (Lu and Likos, 2004) 
 
The water from several sources (rainfall, snowmelt or runoff) can come into contact with a pile 
and infiltrates through it to the underlying soil or drain from the toes of the piles (Morin et al., 
1991; Wilson, 2003). Below the phreatic surface, the pore water pressure in soils for both 
saturated and unsaturated hydrostatic conditions can be expressed  as follow (Fredlund and 
Rahardjo, 1993):   
 uw = −ρwghc [2-1] 
Where 
ρw: water density [ML-3]  
g: gravitational acceleration [LT-2] 
hc: vertical distance from the surface of the water table to the point of interest [L] 
 
A typical pore water pressure distribution (at steady-state) below and above the water table 
(horizon of zero pore pressure) is presented in Figure 2-12. The positive pore water pressure 
increases hydrostatically with depth below the water table. Above it, water rises through the 
spaces of the soil due to capillary action (Fredlund and Rahardjo, 1993), and negative pore 
pressures are created due to surface tension in the water. This negative pore pressure (suction) 
increases uniformly (linearly) from the water table up to the top of the saturated capillary zone 
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under steady-state conditions. The capillary zone can be large (thick) for finer grained soils (i.e. 
silt and clay) or small for coarse soils (i.e. sand, waste rock).  
 
Figure 2-12: Typical soil profile showing positive and negative pore pressures distribution 
(Fredlund and Rahardjo, 1993) 
Matric pressure is the suction created by capillary forces and the interaction of water, air, and 
solid surfaces. The matric suction is defined as the difference between air pressure and water 
pressure.   
Ψ = Matric suction = ua- uw [2-2] 
The matric suction can be measured by both direct and indirect methods. In direct methods, high 
air entry ceramic disks are often used whereas in indirect methods, different types of porous 
sensors are utilized (Fredlund and Rahardjo, 1993). 
The hydrogeological behavior of waste rock can be evaluated by a combination of laboratory 
tests, site observations and measurements, theoretical work, and numerical analyses (Aubertin et 
al., 2005, , 2008; Bussière et al., 2011). Experimental results can be used to extend and calibrate 
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predictive models and assess hydrogeological properties (Aubertin et al., 1996, 1998, 2003; 
Mbonimpa et al., 2002; Chapuis and Aubertin, 2003). In that regard, specific laboratory testing 
protocols have been developed  to study the hydraulic properties (i.e. water retention curve and 
hydraulic conductivity) of waste rock at an intermediate scale (Hernandez, 2007; Peregoedova, 
2012). Field measurements have also been conducted to obtain representative results under in situ 
conditions, on a larger scale (e.g. Gamache-Rochette, 2004; Fala, 2008; Lessard, 2011). These 
are needed to take into account the important effect of scale on waste rock properties and 
behavior; this in fact is part of ongoing work within RIME (Research Institute on Mines and the 
Environment) at Polytechnique and UQAT. Some of the specific approaches developed and 
results obtained are summarized in the followings. 
2.3.1 Water retention curve (WRC) 
The water retention curve (WRC) is the function that illustrates the evolution of the water content 
with the matric suction. It depends on many factors such as particle size distribution, porosity, 
and of the material  (Freeze and Cherry, 1979; Kovacs, 1981; Aubertin et al., 1996; Dye et al., 
2009).  
This WRC is often used for predicting the soil capacity for water storage. Figure 2-13 shows a 
schematic view of a water retention curve (WRC). It is similar to the water capillary rise curve in 
a homogeneous soil above the water table (Freeze and Cherry, 1979; Kovacs, 1981).  
 
Figure 2-13: Schematic representation of a water retention curve for soil (Fala 2008) 
 
Log - Suction 
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In this figure, the key parameters are:  
θr [-] = residual water content 
𝜓0 [L] = pressure corresponding to zero water content  
𝜓r [L] = pressure corresponding to the residual water content 
𝜓a [L] = (AEV- air entry value), the suction where the material starts to desaturate  
θs [-] = water content at saturation, equals to the porosity  
 
The air-entry value is a commonly used parameter that corresponds to the suction at which the air 
starts to enter the largest pores (de-saturation starts). The air entry value and residual water 
content can be estimated graphically on the water retention curve by pairs of tangent lines from 
inflection points (Fredlund and Xing, 1994; Lu and Likos, 2004).  
The WRC can be obtained either in the laboratory or by various predictive models (such as the 
MK model; (Aubertin et al. 1998, 2003). Table 2-3 presents some of the fitting and prediction 
equations for water retention curve.   
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Table 2-3: Conditions and formulations of different fitting and prediction methods for the WRC 
Method  Conditions  Equations 
Brooks and Corey 
 (1964) 
 F
it
ti
n
g
 
ψa: air-entry value 
λ: pore size distribution 
index 
θ
=  
{
 
 
 
 θs                for                       
ψ
ψa
< 1
θr + (θs − θr) (
ψa
ψ
)
λ
 for  
ψ
ψa
≥ 1
 
Van Genuchten (1980)  
F
it
ti
n
g
 
av: fitting parameter,  
[M-1LT2] or [L-1] 
nv and mv: 
fitting parameters, related to 
soil pore size distribution and 
the overall symmetry of the 
characteristic curve 
respectively 
Θ = Se = [
1
1 + (αvψ)nv
]
mv
 
mv = 1 − 
1
nv
  or  mv = 1 − 
1
2nv
 
Fredlund and Xing 
(1999) 
F
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n
g
 
e: natural logarithmic 
constant  
a, n and m: fitting parameters  
C (ψ): correction factor  
θ = C(ψ)θs [1/ln [e + (
ψ
a⁄ )
n
]]
m
 
Modified Kovács 
(MK) model  
(Aubertin et al., 1998; 
Aubertin et al., 2003) P
re
d
ic
ti
o
n
 
Sr = 
θ
n
=  1 − 〈1 − Sa〉(1 − Sc) 
〈y〉 = 0.5(y + |y|) 
Sc = 1 − [(
hco
ψ⁄ )
2
+ 1]
m
exp [−m(
hco
ψ⁄ )
2
] 
Sa = ac [1 −
ln (1 +
ψ
ψr
⁄ )
ln (1 +
ψ0
ψr
⁄ )
] ((
hco
ψn
⁄ )
2/3
/e1/3 (
ψ
ψn
⁄ )
1/6
) 
hco,G = 
0.75
[1.17 log(CU) + 1]e D10
⁄  
 
The grain size distribution and density (void ratio, compaction) influence the WRC. The smaller 
pores retain more water. The AEV increases as the soil pore size decreases (Powrie, 2004). 
Figure 2-14 illustrates WRC of sand and silt; these curves show that coarser grain soils desaturate 
faster compared with fine-grained soils (Aubertin et al., 2002a). 
26 
 
 
 
Figure 2-14: Schematic presentation of water retention curve for two types of soil, modified by  
Aubertin et al. (2002a) 
 
Peregoedova (2012) showed that the water retention curve obtained experimentally for waste 
rock material has a low AEV (<10 cm) and a residual volumetric water content (θr) relatively 
high (0.06 to 0.08). Table 2-4 presents different parameters related to WRC, obtained by different 
authors.  
 
Table 2-4: Measured values for WRCs parameters (van Genuchten (1980) equation), based on the 
literature 
Method Material θr θs α (m) L n 
ksat  
(ms-1) 
References 
VG 
GRV 0 0.39 14960 0.5 1.45 4.7×10-3 Bussière and 
Aubertin (1999) SBL 0.01 0.29 3 0.5 3.72 5.1×10-5 
VG 
Well-graded 
sand with fines 
and gravel 
0.06 0.23 
0.7519  
(cm-1) 
0.5 2.68 1×10-3 
Peregoedova 
(2012) 
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2.3.2 Hydraulic conductivity  
Saturated hydraulic conductivity  
The saturated hydraulic conductivity (ksat) tends to increase with the average particle size. The 
value of the saturated hydraulic conductivity can be measured by either laboratory or in situ tests, 
or it can be estimated from predictive models (Peregoedova, 2012).  
Different predictive methods exist, and each method has its specific features and range of 
application. For waste rock, the predictive Kozeny-Carman (KC, Chapuis and Aubertin, 2003) 
and Kozeny-Carman modified (KCM, Mbonimpa et al. 2002) models have been applied (with 
some adjustments) with relative success to estimate the value of ksat (Hernandez, 2007; 
Peregoedova, 2012).   
Table 2- 5 presents different equations available to estimate the saturated hydraulic conductivity.  
Table 2-5: Conditions and formulations of various prediction methods for saturated hydraulic 
conductivity  
Method Conditions  Equations 
Hazen and 
Tayler 
Taken from 
Chapuis (2004) 
Void ratio close to emax  
(loose soil) 
Cu < 5  
0.1mm ≤ d10≤ 3 mm 
Reference temperature 20 ° 
k(
cm
s
) =  1.157d10
2 (mm)[0.7 + 0.03T°] 
Navfac (1974) 
taken from 
Chapuis et al. 
(1989b) 
0.3≤ e ≤0.7  
(sands and mixtures of sand 
and gravel) 
2 ≤CU ≤ 12  
0.1mm ≤ d10≤ 2 mm 
d10/d5 ≤ 1.4 mm 
k (
cm
s
) =  101.291e−0.6435(d10)
100.5504−0.2987e 
Kozeny-Carman 
taken from 
Chapuis and 
Aubertin (2003) 
Covers a wide range of plastic 
or non-plastic soils 
needs the specific surface of 
the soil 
log(k) =  log [
e3
DR
2Ss2(1 + e)
] 
 KCM (Aubertin 
et al., 1996; 
Mbonimpa et 
al., 2002) 
Most often used to estimate 
ksat  of mine wastes  
 
ksat(
cm
s
) =  𝐶𝐺
𝛾𝑤
𝜇𝑤
𝑒(3+𝑥)
(1 + 𝑒)
𝐶𝑈
1/3
𝐷10
2  
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Where  
CU: Uniformity coefficient (D60/D10) 
CG: Constant material parameter (MKC method, =0.1) 
D10: Sieve size that 10% of the particles (by size) passes it  
D5: Sieve size that 10% of the particles (by size) passes it 
ksat: Saturated hydraulic conductivity [LT-1] 
e: Void ratio [-] 
Ss: Specific surface [L2M-1] 
Dr: Specific gravity (or Gs) [-] 
 
Different values of saturated hydraulic conductivity (ksat) are presented in the literature, for 
various waste rock materials, Table 2-6 shows some of these results.  
Table 2-6: Values of hydraulic conductivity from literature  
Location ksat (cm/s) References 
Health steel mine, Cu, 
Zn, Ag 
5.2×10-4 Li (2000) 
Quirke mine, Uranium 5×10-2 Barbour, S.L et al. (2001) 
Golden sunlight mine, 
Or  
3.4×10-3-1×10-4 Herasymuik (1996) 
KCM model 
KC model 
Labo (constant head) 
Labo (variable head) 
Labo (triaxial) 
6.61×10-4, 9.67×10-4, 2.38×10-4 
3.38×10-4, 6.58×10-4, 4.46×10-4 
2.96×10-3, 3.74×10-3, 1.73×10-4 
2.54×10-4, 1.34×10-3, 2.34×10-4 
1.2×10-4, 2.98×10-4, 1.92×10-5 
Gamache-Rochette (2004); 
Aubertin et al. (2005) 
various waste rock 
materials 
10-7 to 1  Morin et al. (1991) 
 4×10-3 to 3×10-1  Lessard (2011) 
Loose waste rock 
Compacted waste rock 
4.7×10-1  5.1×10-3  Bussière and Aubertin (1999) 
Loose waste rock Up to 10-1  Peregoedova (2012). 
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Unsaturated hydraulic conductivity 
The theory of flow in unsaturated media shows that the hydraulic conductivity is not constant. It 
depends on volumetric water content (or matric suction), which also affects geotechnical 
properties. The variation of hydraulic conductivity is commonly represented by the relative 
hydraulic conductivity (kr) function. It is the ratio of the unsaturated hydraulic conductivity to 
saturated hydraulic conductivity ksat  (Espinoza, 1999) 
 kr(ψ) =  
k(ψ)
ksat
= 
k(θ)
ksat
  [2-3] 
The range for the relative hydraulic conductivity varies between 1 and a very low value (close to 
0). Figure 2-15 shows that the hydraulic conductivity decreases gradually when the soil de- 
saturates due to the presence of air in the mass. Testing results on different types of materials 
indicates that, saturated fine-grained soils have a lower hydraulic conductivity compared to 
saturated coarser grained soils. However, coarse materials desaturate faster (at lower ѱ) 
compared to fine-grained soils, so their hydraulic conductivities decrease more rapidly (compared 
to fine-grained soils). In the unsaturated zone, a coarser material can have a lower conductivity 
than a finer material (Figure 2-15) (Aubertin et al., 2002a).   
 
Figure 2-15: Schematic presentation of hydraulic conductivity curve for two types of soil, 
modified by  Aubertin et al. (2002a) 
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Empirical models 
Simple mathematical equations are used to predict the hydraulic conductivity function with 
empirical models. Numerous models have been proposed to represent the hydraulic conductivity 
in a variety of functional forms (Richards, 1931; Brooks and Corey, 1964; Campbell, 1974).  
Some of these are recalled below. 
Statistical models are based on the assumption that the soil matrix is a network of capillary tubes 
of various sizes, where the flow through the network occurs only through the liquid-filled tubes. 
The controlling parameters for the overall hydraulic conductivity are the statistical distribution of 
tube sizes and their connectivity across a given plane in the soil mass. Some of the proposed 
models are:  
van Genuchten (1980)- (Mualem, 1976) method (cited by Lu and Likos (2004):  
 kr(ψ) =  
[1 − (αψ)n−1[1 + (αψ)n]−m]2
[1 + (αψ)n]m/2
 [2-4] 
Fredlund et al. (1994) method 
 
 kr(ψ) =  Θ
q(ψ)
∫
θ(ey) − θ(ψ)
ey θ
′(ey)dý
b
ln (ψ)
∫
θ(ey) − θs
ey θ′
(ey)dý
b
ln (ψaev)
 [2-5] 
Where:   
y: dummy variable of integration representing ln (ψ) 
b: ln (106)  
ψaev: air entry pressure 
θ': derivative of equation  
Θq: correction factor for tortuosity (q=1) 
The hydraulic conductivity in unsaturated conditions varies with θw (or ψ) nonlinearly. 
 The hydraulic properties of materials are expected to vary within a waste rock pile. For instance, 
the phenomenon of stratification, produced by either equipment movement or material 
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segregation, can create areas with higher or lower conductivity in the piles (Smith et al., 1995; Li, 
2000; Zhan, 2000).   
 
2.3.3 Water flow in the unsaturated zone 
Darcy's law is commonly used to describe water flow in saturated soils. It was modified by 
Richards (1931) to express water movement through the unsaturated zone, considering the degree 
of saturation. Richards (1931) equation of transient unsaturated flow gives the relationship 
between the change in water pressure head and change in volumetric water content, considering 
the principle of continuity. This equation can be expressed as (Richards, 1931; Fredlund et al., 
1978):  
 
∂
∂x
(kx
∂h
∂x
) + 
∂
∂y
(ky
∂h
∂y
) + q =
∂θw
∂t
 [2-6] 
With 
θw: volumetric water content 
h: hydraulic head [L] 
kx, ky: conductivity of soil [LT
-1] 
For unsaturated materials, the pore water pressure distribution and seepage pathways transient 
seepage can be described as: 
 
∂
∂x
(kx
∂h
∂x
) + 
∂
∂y
(ky
∂h
∂y
) = −mw
2 γw
∂h
∂t
 [2-7] 
With  
m2w: slope of WRC [-] 
γw: water unit weight [MT-2L-2] 
kx, ky: hydraulic conductivity in x and y-direction [LT
-1] 
h: hydraulic head [L] 
The water distribution within waste rock piles is complex due to factors such as internal structure, 
and particles and pore size distribution and it is not easy to measure or predict (Molson et al., 
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2005). A broad range of behavior can be observed in unsaturated materials  (Fredlund, 2000a), 
with the range of negative pore pressure and degree of saturation (from near 100% in the 
capillary fringe to near zero near the surface). 
 
2.3.4 Apparent cohesion (capp)    
Effective cohesion c' of dry or saturated waste rock from hard rock mines is usually close to zero 
in the absence of cementing minerals (Aubertin, 2013) 
In unsaturated soil, the capillary forces resulting from suction contribute cohesion between 
particles. This component is commonly called apparent cohesion (capp). It reflects the effect of 
suction (ua - uw) on the effective stress and thus the shear strength (Ward and Robinson, 1967; 
Fredlund and Rahardjo, 1993; Lu and Likos, 2004), which can have a significant impact on the 
mechanical behavior of unsaturated soil. The total cohesion then becomes 
C = c′ + capp [2-8] 
Where c' is the effective cohesion [ML-1T-2] (c' ~ 0 for waste rock from hard rock mines).  
The apparent cohesion capp can be measured, e.g. (Narvaez, 2013) or it can be predicted using  
different formulations such as (Vanapalli et al., 1996):  
 
capp = (ua − uw) tanϕ
′
(θ − θr)
(θs − θr)
 [2-9] 
 
In these equations (ua - uw) is the matric suction (ua and uw are pore air pressure and pore water 
pressure respectively [ML-1T-2]); θ is volumetric water content; θs and θr are the saturated and 
residual volumetric water contents respectively. Other expressions have also been proposed to 
represent capp, using different suction functions (e.g. (Öberg and Sällfors, 1997; Lu and Likos, 
2004; Narvaez, 2013). Eq. 2-9 is used in this project, as it is already integrated in the numerical 
codes applied for the simulations and slope analyses (see below).  
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As a result of infiltration, the volumetric water content may change in the waste rocks, hence 
affecting the value of the apparent cohesion (capp). It is considered conservative to neglect this 
apparent cohesion in the initial stability analyses, as its value is difficult to estimate or control 
and it may change over time. This aspect will be considered in this project.  
2.3.5 Unsaturated shear strength 
The main difference between slope stability analysis of saturated and unsaturated soils lies in the 
definition of shear strength.  
The Mohr-Coulomb theory defines the failure (or yield) strength of soils with two parameters: 
cohesion within the soil and the internal friction angle (Holtz et al., 2010). It has long been used 
to represents the shear strength of saturated soil, using the effective stress in 2D (e.g. McCarthy, 
2007)  
The shear strength of unsaturated soil typically involves two independent stress state variables: 
the net normal stress and the matric suction which are introduced in the extended Mohr-Coulomb 
failure criterion (Fredlund, 1995, 2000a).  
Different equations have been proposed to estimate the shear strength of unsaturated soils  
(Fredlund et al., 1978; Lee et al., 2005). The shear strength equations could either be a fitting 
type or prediction type, based on their nature. For the fitting type, the measurements of 
unsaturated shear strength at different matric suctions are needed (Fredlund et al., 1978;  1996; 
Shen and Yu, 1996; Vanapalli et al., 1996; Rassam and Cook, 2002; Lee et al., 2005; Vilar, 
2006). Parameters correlated with the WRC are needed for the prediction type (Fredlund et al., 
1996; Vanapalli et al., 1996; Öberg and Sällfors, 1997; Bao et al., 1998; Khalili and Khabbaz, 
1998; Tekinsoy et al., 2004; Garven and Vanapalli, 2006; Guan et al., 2010). This method usually 
provides a good first approximation of unsaturated shear strength (Guan et al., 2010). Some of 
these equations are presented in Table 2-7.  
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Table 2-7: Equations for shear strength in unsaturated soils (different authors) 
Author 
Equation  
type 
Equation  
Fredlund et al. (1978) F τ =  c′ + (σ − ua) tanϕ
′ + (ua − uw) tanϕ
b    
Fredlund et al. (1996) F τ =  c′ + (σ − ua) tanϕ
′ + (ua − uw)[Θ(ua − uw)]
k tanϕ′    
Shen and Yu (1996) F τ =  c′ + (σ − ua) tanϕ
′ + (ua − uw) (
1
1 + (ua − uw)d
) tanϕ′   
Vanapalli et al. (1996) F τ =  c′ + (σ − ua) tanϕ
′ + [(ua − uw)Θ
k] tanϕ′    
Vanapalli et al. (1996) P τ =  c′ + (σ − ua) tanϕ
′ + (ua − uw) [tanϕ
′ (
θw − θr
θs − θr
)]    
Öberg and Sällfors 
(1997) 
P τ =  c′ + (σ − ua) tanϕ
′ + (ua − uw)[tanϕ
′ (S)] 
Khalili and Khabbaz 
(1998) 
P 
τ =  c′ + (σ − ua) tanϕ
′ + (ua − uw)[tanϕ
′ (λ′)]    
𝜆′ = [(
(𝑢𝑎 − 𝑢𝑤)
(𝑢𝑎 − 𝑢𝑤)𝑏
)]
−0.55
    
 
Where  
F: fitting equations; and P: predicting equations 
c, c': cohesion, effective [ML-1T-2] 
ua, uw: pore -air and pore-water pressure [ML
-1T-2] 
(ua-uw): matric suction [ML
-1T-2] 
(ua-uw)b: air entry value [ML
-1T-2] 
Θ: normalized water content [-]  
θr, θs, θw: residual, saturated and volumetric water content [-] 
σ, (σ-ua): normal and net normal stress [ML-1T-2] 
τ: shear strength [ML-1T-2] 
ϕ': effective internal friction angle of saturated soil [-] 
ϕb: internal friction angle with respect to matric suction [-] 
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The failure envelope intersects the shear stress versus matric suction plane as shown in Figure 2-
16. The equation for the line of intercept is the total cohesion, which can be defined as Equation 
2-8 (Rahardjo et al., 1996): 
 
 C =  c′ + (ua − uw) tanϕ
b [2-10] 
 
 
Figure 2-16: Extended Mohr-Coulomb failure envelope for soils with matric suction 
 (Rahardjo et al., 1996) 
The equations presented in Table 2-7 implies that the total cohesion C depends on apparent 
cohesion generated by the matric suction and effective cohesion c'.  
For points with suction lower than AEV (ψ<ψ0), there is usually a linear relationship between 
shear strength and matric suction, whereas the strength between the AEV (ψ0) and residual matric 
suction (ψr) obeys a nonlinear relationship (Vanapalli et al., 1996; Bao et al., 1998; Rassam and 
Williams, 1999; Lee et al., 2005). Beyond the residual matric suction, the shear strength of an 
unsaturated soil is not well defined (Vanapalli et al., 1996; Guan et al., 2010).  
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2.4 Slope stability analysis   
Slope failures happen worldwide and may result in considerable loss of lives and damages. A 
slope failure is a complex process which is determined by internal and external factors, with 
gravity as the main force (Terzaghi, 1950; Selby, 1982). Stability of waste rock piles can be a 
major concern because of the risks involved such as human and financial damages (e.g., waste 
rock pile failure in Jade mine Kachine state, Myanmar in May 2916 lead to the  death of at least 
12 people  (Adamczyk, 2016); failure in Gold Quarry Mine (Nevada) in  February 2005 (Sheets 
and Bates, 2008)).  
A slope failure can result from two processes: increased shear stresses (such as: removal of 
support, overloading, earthquakes, decrease in lateral pressure) or decreased shear strength of the 
soil (such as: stratification, hydration of minerals, of pore pressure due to rainfall event or 
melting snow) (Abramson et al., 2002). 
The stability of a slope is assessed using the factor of safety FS (= Capacity/Demand). There 
exist different definitions for the factor of safety, and all involve the shear strength of the soil. 
The basic method is to define the factor of safety based on the ratio of the moments resisting 
sliding (or the resisting shear force) to the moments causing sliding (or driving shear force); FS 
can also be expressed as  the ratio of soil shear stress to soil shear strength imposed along a slip 
surface (considering a constant factor of safety along the potential failure surface) (Cheng and 
Lau, 2014).  
A factor of safety of unity theoretically means that the failure mass is on the verge of sliding 
(Gofar and Kassim, 2007). It is necessary to provide a reasonable value for the factor of safety 
that satisfies both safety and economic conditions. Table 2-8 presents minimum values of FS 
proposed by different authors. A long term FS equal to 1.5 is often recommended in the 
literature.  
For waste rock piles, the value of FS for slope stability should be between 1.3 and 1.5 during 
mining operation; FS = 1.5 is recommended for the long-term behavior upon closure. This means 
that α (global slope) ≤ 26° for piles constructed on most hard rock mine sites, with  = 37° 
(Aubertin, 2013). 
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Table 2-8: Relative importance of different factors of safety (based on literature, for relatively 
large structure, obtained from different methods)  
Factor of safety Significance  References  
Less than 1 Failure 
Cheng and Lau (2014) 
1.0-1.2 Questionable safety 
1.3-1.4 
Satisfactory for cuts 
questionable for dams 
1.5-1.75 Safe for dams 
FS < 1.07 Unstable slope 
Bowles (1984) 1.07 < FS < 1.25 Critical slope 
FS > 1.25 Stable slope 
FS < 1 unstable 
Modified from Ray and de Smedt,   
(2009) 
1 < FS < 1.25 Quasi stable 
1.25 < FS < 1.5 Moderately stable 
FS > 1.5 Theoretically stable 
 
The analysis of slopes often distinguishes between infinite (very long) and finite slopes. Infinite 
slopes extend over a considerable distance within the soil mass, whereas finite slopes are 
characterized by a limited height with a base and a top surface. From the stability point of view, 
these two types of slopes are treated differently. 
 
2.4.1 Methods of slope stability analysis  
Infinite slope stability analysis  
The critical slip surface (related to the lowest factor of safety), for slopes composed of 
cohesionless materials and without seepage forces, is typically shallow, planar, and parallel to the 
inclined slope surface. The factor of safety can then be evaluated using infinite slope stability 
analysis (Cornforth, 2005; McCarthy, 2007).  
Simple equations can be used to calculate the factor of safety (FS= C/D) for different conditions 
related to infinite slopes; the most commonly used ones are listed in Table 2-9:  
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Table 2-9: Simplified Methods of Analysis for Waste Dumps from Caldwell and Moss (1981) 
Soil 
type  
Mode Factor of safety Parameters 
C
o
h
es
io
n
le
ss
  
so
il
 
Dry 
condition 𝐹𝑆 =
tan𝜙
tan 𝑖
    
i: slope angle 
ϕ: angle of friction of pile material 
Submerged, 
subject to 
groundwater 
flow 
𝐹𝑆 =  
𝛾𝑠𝑢𝑏(tan𝜙′)
𝛾𝑡𝑜𝑡𝑎𝑙(tan 𝑖)
    
i: actual slope angle 
ϕ': angle of friction of pile material 
γtotal: wet soil unit weight above 
water 
γsub: submerged soil weight 
C
o
h
es
iv
e 
so
il
 Dry 𝐹 =
𝑐
𝛾𝑍 sin 𝑖 cos 𝑖
+ 
tan𝜙
tan 𝑖
    
i: actual slope angle 
ϕ: angle of friction of pile material 
Submerged, 
subject to 
groundwater 
flow 
𝐹 =
𝑐′
𝛾𝑍 sin 𝑖 cos 𝑖
+ 
𝛾𝑠𝑢𝑏(tan𝜙′)
𝛾𝑡𝑜𝑡𝑎𝑙(tan 𝑖)
 
i: actual slope angle 
ϕ': angle of friction of pile material 
γtotal: wet soil unit weight above 
water 
γsub: submerged soil weight 
 
Finite slope analysis 
The critical slip surfaces for slopes composed of cohesive soil or affected by seepage are often 
(quasi) circular.  This assumption is based on various observations of failed slopes, which usually 
show that the failure mass moves downward and outward. In most designs or slope failure 
investigation, a 2D analysis is used as it gives reasonable results that stand on the safe side (Sun 
et al., 2012). 
Slope stability analysis is typically conducted with the limit equilibrium method (first applied in 
geotechnical problems by Coulomb, 1773). This has led to the development of the method of 
slices for slopes. The main advantages of this method are the simplicity and long history of use. It 
can also handle relatively complex slope geometries, variable soil conditions, and the influence of 
external boundary loads (Abramson et al., 2002).  
In its basic form, this approach assumes a failure surface and implicitly considers the stresses on 
the failure planes are limited by the strength parameters C and ϕꞌ. The soil mass above the slip 
surface is divided into several vertical slices (with the number of slices defined by slope 
geometry and soil profile). Each slice is considered as a single element for limit equilibrium. The 
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total weight of each slice (plus the weight of water or any other forces acting on the surface) is 
considered.  Equilibrium is analyzed in terms of the sum of the forces and/or moments acting on 
the slices (Nash, 1987; Duncan and Wright, 2005). The principle of limit equilibrium states that 
the sum of the driving forces (or moments) are equal to the resisting forces (or moments) for a 
factor of safety against slope failure equal to unity (FS = C/D = 1).  The actual value of FS for a 
specific slope is then given by calculating the capacity (resisting forces/moments) and demand 
(driving forces/demand), for the critical slip surface (with minimum FS). 
Applying this method requires iterative techniques. In this process, a possible slip surface is 
assumed and is divided into several slices.  The equilibrium of forces acting on this surface is 
studied, and the process is repeated until the critical slip surface (with a minimum factor of 
safety) is found.  
Different methods based on limit equilibrium techniques have been developed to evaluate the 
stability of slopes. The differences between these equations mainly on the inter-slice forces and 
shape of the slope surface and the assumed relationship between the inter-slice shear and normal 
forces (Krahn, 2007c). These methods assume that pore water pressures are positive or zero along 
the slip surface (Bishop, Allan W, 1954; Morgenstern and Price, 1965; Spencer, 1967; Duncan, 
1996). 
Many different types of failure analysis with the method of the slices are presented in the 
literature. A summary of these methods with description and different types of calculation 
approaches is presented in Table 2-10.  
There are also slope stability charts developed by different authors that can be used for solving 
the stability problems, (e.g. Taylor, Bishop-Morgenstern, Barens and Spencer and Cousins 
charts).  
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Table 2-10: Some methods for slope failure analysis, adopted from McCarthy (2007) 
Failure analysis method  Typical applications and limitations 
Bishop 
method 
(Bishop, 
AW, . 1954) 
FS =
∑
1
ma
[c′b + (W − ub) tanφ]
∑Wsin α
 
 Unrealistic high FS when (α) approaches a value of 
about 30° 
 Less conservative compared to Fellenius method 
 Circular failure surfaces 
 all soil types  
 consider force equilibrium 
 less conservative compared to Fellenius method 
 Rigorous method 
Simplified 
Bishop 
method 
 Inter-slice forces are horizontal 
 No inter-slice shear forces 
 
 Circular failure surfaces, all soil types  
 Semi-rigorous method 
 
Morgenstern-
Price method 
(Morgenstern 
and Price, 
1965) 
 Considers the normal and shear force on the slice side 
including the water pressure  
 Satisfies the equilibrium of forces and moments 
 Direction of the resultant inter-slice defined using 
arbitrary function 
 Circular and noncircular failure surfaces 
  all soil types  
 Rigorous method  
Spencer 
method 
(Spencer, 
1967) 
 Assume the forces on the sides of slices are parallel  
 Satisfy the equilibrium of forces and moments. 
 Resultant inter-slice forces are of constant slope 
throughout the sliding mass  
 Circular and noncircular failure surfaces 
 all soil types  
 Rigorous method 
Noncircular 
slip surface 
method 
(Janbu, 1959, 
1975) 
 
FS =
f0∑[c′b + (W − ub) tanφ]
1
cos αma
∑(W tan α)
 
 
 
 Considers the slices and forces on them as for 
force and moment equilibrium in horizontal and 
vertical direction.  
 The inter-slice forces are neglected initially 
 Calculated FS is modified by applying an 
empirically determined correction factor  
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In real situations, the pore water pressure and degree of saturation can be highly variable along 
the slip surface (negative and positive) (Godt et al., 2009; Borja and White, 2010; Buscarnera and 
Whittle, 2012). This analysis needs more advanced methods to assess slope stability (Duncan, 
1996; Dawson et al., 1999; Lu and Likos, 2004; Song et al., 2016). In recent years methods such 
as “gravity increase method,” “strength reduction method” are developed for a more accurate 
calculation of factor of safety and the failure surface (Dawson et al., 1999; Griffiths and Lane, 
1999; Krahn, 2007c; Lu et al., 2012). Such an approach is used in the following chapters of this 
thesis. 
2.4.2 Factors affecting slope stability  
There have been several examples of waste rock pile instability around the world which resulted 
in failure and loss of life and/or other damages (Caldwell and Moss, 1981; Upadhyay et al., 1990; 
Bian et al., 2009; Yellishetty and Darlington, 2011).  
The stability analysis of unsaturated slopes is a complex problem. It can be evaluated by a broad 
range of approaches, from simple limit equilibrium solutions to advanced finite element method 
analyses (Gavin and Xue, 2010).  
Failure of a pile is associated with the uncontrolled release of pile materials beyond its confines 
(Robertson and Clifton, 1987). Many factors such as the properties of the waste rock, geometry 
of the pile (i.e. angle of slope, height), foundation conditions (i.e. weaker materials compared to 
the pile), topography, seepage and pore pressures (Piteau Associates Engineering Ltd., 1991; 
Moffitt, 2000; Walker and Johnsonf, 2000; Aubertin et al., 2002a; McLemore et al., 2009) and 
seismicity may also impact the stability of a waste rock pile (Piteau Associates Engineering Ltd., 
1991; Hustrulid et al., 2000). 
The method and rate of construction and the resultant stratification may also have an impact on 
the waste rock pile stability. The internal structure of pile influences the water flow within the 
pile and also the shear strength distribution. As mentioned in section 2-1-4, the end-dumping or 
push-dumping methods result in an accumulation of coarser particles at the toe (at the angle of 
repose) and the presence of finer particles at the crest creating inclined stratification on the slope. 
On the other hand, the movements of heavy equipment on the surface form sub-horizontal 
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(denser) layers within the pile (crushing and compacting). The horizontal and inclined 
stratification and heterogeneity influences the water flow inside the piles.  
Materials with a high percentage of fine grains or a rapid rate of dumping may increase the 
possibility of pile failure due to the generation of excess pore water pressure (Caldwell and Moss, 
1981).  
The failure can happen in either sudden or slow modes. The sudden modes usually follow 
extreme events such as large precipitations, earthquakes or volcanic activity. The slow modes are 
mainly due to factors such as seepage, wind/water erosion, material degradation, chemical and 
biological reactions (Hutchinson, 1988; Tachie-Menson, 2006). Human activities (such as 
loading on the slope or excavating of the toe) can also play a role (Anderson and Sitar, 1995; 
Iverson, 2000; Sassa et al., 2007).  
The stability of waste rock piles depends specifically on the strength distribution within the pile, 
which may be affected by local pore water pressures (Caldwell and Moss, 1981; Robertson, 
1985; Basile et al., 2003). Water movement within the pile should be considered as part of the 
stability analysis process as it controls the water distribution and pore water pressure which in 
return, influences the stability (Wilson, 2000).  
Hence, the knowledge of the internal structure and hydraulic properties of waste rock materials is 
required. Some of these factors are discussed in more details in the following.  
Observations of waste rock piles instabilities indicate that multiple failure modes should be 
considered. The four main types of sudden (intense) failures in waste rock piles are (Pernichele 
and Kahle, 1971):  
 Debris flow (flow slide) 
 Foundation failure (for piles on relatively weak soils) 
 Edge slump  
 Blowout (when elevated hydraulic pressures in some layers result in decreasing 
effective internal stress and stability) 
Specific observations about the various modes of failure occurring in waste rock piles are 
described in Table 2-11 (Caldwell and Moss, 1981).  
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Table 2-11: Different modes of failure in waste rock piles, adopted from Caldwell and Moss (1981) 
Failure mode Initiating causes Consequences 
Surface  
or edge slides  
 In crest tipped piles 
 Over steeping due to accumulation of fines or 
temporary cohesion 
 Movement of material down the slope 
considering the foundation inclination and 
embankment area 
Shallow  
flow slide  
 Infiltration of rain or snowmelt results in flow 
parallel to the face 
 Substantial damage  
 Failure can cover large distances rapidly 
Base  
failure  
 Coverage of flat ground by a thin layer of weak 
material 
 Excessive pore pressure 
 Excessive height 
 Decay of organic matter 
 Earthquakes 
 Disturbance initially limited to immediate 
vicinity of slope 
 Progressive movements if dumping continues 
 Intermediate suspension of dumping 
operations 
 Piles on flat ground the least likely to fail 
Block  
translation  
 End-dumped or layer placed construction method 
 Pile on inclined ground with thin/weak soil cover 
 Melting snow or groundwater 
 Decay of organic matter 
 Earthquakes 
 Suspension of dumping operations dependent 
on natural ground slope 
 
Circular 
 arc failure  
 
 High water tables 
 Earthquakes  
 Decay of organic material beneath the pile 
 Excessive height (cohesive material) 
 Reduction in toe support  
 Partial loss of dump 
 Common in piles with high percentage of fine 
grain soil 
Foundation  
circular failure  
 Weak foundation materials 
 Excessive pore pressure 
 Major disturbance 
 Loss of dump 
Toe  
spreading 
 Weak foundation materials 
 Excess pore pressure in foundation 
 Signals on-set of base failure or block 
translations 
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Rainfall infiltration and the stability of slopes  
Many authors have studied the stability of unsaturated slopes by including matric suction 
(negative pore water pressure) in stability analyses (Cho and Lee, 2001; Rahardjo et al., 2007; 
Muntohar and Liao, 2009). The effect of rainfall on slope stability has also been frequently 
investigated (Ng and Shi, 1998; Rahardjo et al., 2005; Huat et al., 2006; Guzzetti et al., 2007; 
Xue and Gavin, 2008; Rahimi et al., 2010; Kim et al., 2012; Tang et al., 2015). These 
investigations  cover a wide variety of parameters including different soil types,  rainfall duration 
and intensity,  initial conditions and location of the phreatic surface (Gasmo et al., 2000; 
Rahardjo et al., 2001; Cai and Ugai, 2004; Rahardjo et al., 2010; Napolitano et al., 2015). 
During the process of infiltration (highly complicated due to nonlinearity of water retention and 
hydraulic conductivity curves) a transformation in the strength profile within a slope can occur 
due to the variation of pore water pressures (Igo, 2006; Indrawan et al., 2006) (Mukhlisin et al., 
2006; Yang et al., 2006; Lee et al., 2011). The rate and depth of infiltration depends on the initial 
soil condition (i.e. water content or suction) and hydraulic conductivity (Rahardjo et al., 2007; 
Fala et al., 2008; Rahimi et al., 2010), slope angle, vegetation and also the rainfall intensity and 
duration (Gavin and Xue, 2010; Pirone et al., 2015)..  
Coarse materials (i.e. gravel, sand) usually have higher infiltration rates compared to fine 
materials (i.e. clay, silt). Soils with uniform particle sizes show higher infiltration rate compared 
to well-graded particle sized materials. A common assumption for geotechnical studies of sloped 
surfaces is that on a sloped surface, all precipitation more than the immediate infiltration capacity 
becomes runoff, and surface storage is assumed to be negligible (O’Kane et al., 2002).  
The failure process due to infiltration can be classified into two types: generation of positive pore 
water pressure and dissipation of matric suction (Au, 1998; Chen et al., 2004; Collins and 
Znidarcic, 2004; Zhang et al., 2011). These are described briefly below.   
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Infiltration and groundwater level 
Rainfall can influence the piezometric level. The infiltration into the ground surface and 
groundwater seepage may raise the groundwater table (or develop a perched water table) 
resulting in a reduction of effective stresses and a corresponding decrease of soil strength (Jones 
et al., 1961; Moregenstern, 1963; Lane, 1966; Deng et al., 2000; Lane and Griffiths, 2000; Dai et 
al., 2004; Zhan et al., 2006; Jia et al., 2009; Zhou et al., 2009).  
Infiltration and wetting front   
The negative pore water pressures distribution is dynamic and changes with time. Rainfall on a 
pile usually flows downward (and partly sideways) and may lead to a decrease of matric suction 
with  wetting that  results in the reduction of  shear strength of the material (WANG and CAO; 
Fredlund and Rahardjo, 1993; Li et al., 2005; Rahardjo et al., 2005; Guan et al., 2010). Such 
infiltration may lead to either shallow slides in the slope or deep-seated failures depending on 
hydraulic conductivity and the intensity and duration of rainfall (Laloui et al., 2010). 
Traditional slope stability analysis usually considers the main effect of infiltration as increasing 
of groundwater level; however there exist many real slope failure cases with no evidence of 
groundwater level increasing but the development of wetting front and the reduction of shear 
strength due to the matric suction has been observed  (Fredlund and Rahardjo, 1993; Rahardjo et 
al., 1996). For the cases of unsaturated slopes with a deep water table that usually stays stable, 
failures (mostly shallow landslides) are typically related to infiltration and advancement of 
wetting front (Selby, 1982; Kirkby, 1987; Benda and Cundy, 1990; Lim et al., 1996; Toll et al., 
1999; Williams, 2000; Rahardjo et al., 2005).  
Rainfall pattern  
For materials with a high hydraulic conductivity (e.g. waste rock ), the water infiltration and 
evolution of  pore water pressures can be relatively rapid, even during an intense rainfall. The 
majority of slope failures for such type of materials seems to be due to high-intensity rainfalls, 
with little effect of antecedent rainfalls (Gerscovich et al., 2006). In these cases, both intensity 
and duration of the rainfall may have important contributions to potential instability (Lumb, 
1975; Fourie, 1996).  
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One of the parameters that can be estimated and used in the design of large constructions such as 
waste rock piles is the Probable Maximum Precipitation (PMP). PMP is defined as “theoretically 
the greatest accumulation of precipitation for a given duration that is physically possible over a 
given size storm area at a particular geographical location at a certain time of year”  (WMO, 
1986).  
The PMP for a particular geological zone can be estimated using different methods for duration 
of 24 hours (but can vary from 6 to 72 hours). Table 2-12 shows different estimations of PMPs 
related to various locations by different authors.  
 
Table 2-12: Different PMPs estimation for different regions  
PMP (24 hrs) Location References 
65-310 cm Sri Lanka Wickramasuriya (2011) 
31- 49 cm Malaysia (region of Selangor) Noriah and Rakhecha (2001) 
30-110 cm 
India  
(region of the Godavari river basin) 
Kulkarni (2002)  
50-100 cm India (different location) Rakhecha and Clark (1999) 
13-48 cm 
Thailand (heavy storm data  
from 1972 to 2000) 
Kingpaiboon S.; Netwong T. (2004) 
58-125 cm Hong Kong 
Wang (1998) 102-112 cm Hainan coast 
77-98 cm Hawaii 
370 mm southern Quebec ASCE (1996), SNC-LAVALIN (2004) 
350 mm 
Abitibi  
(Rouyn-Noranda, Val Golden) SNC-LAVALIN (2004) 
300 mm North Shore  (Sept-Îles) 
  
2.4.3 Probabilistic stability analysis    
Soil structures (e.g., slopes) are usually formed from different layers (zones) of materials. Each 
zone may consist of soil with relatively uniform property distribution, which can be presented by 
a single value for each characteristic. This assumption usually leads to a deterministic slope 
stability analysis, resulting in a single factor of safety.  
In reality, soil property values are not constant even within a given zone (or layer). They may 
change from one point to another leading to a heterogeneous distribution. Hence, a deterministic 
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factor of safety is not sufficient in these cases. The uncertainty in input parameters should be 
considered in the analysis to determine the risk of slope failure (Li and Lumb, 1987; Haldar and 
Mahadevan, 2000). Such uncertainty may be due to different factors such as insufficient tests, 
natural spatial variability, or human error (El-Ramly, 2001). These may affect the performance of 
the slope and the analysis.   
Monte-Carlo simulation-based probabilistic analysis is a powerful method that can help with the 
evaluation of slope stability, by considering the uncertainties of input parameters (Alonso, 1976; 
Vanmarcke, 1977b; Li and Lumb, 1987; Gui et al., 2000; El-Ramly, 2001; El-Ramly et al., 2002; 
Christian, 2004). The output of probabilistic analysis usually provides more information about 
slope performance than just a unique factor of safety (in the form of the reliability index and 
probability of failure). These aspects are briefly reviewed in the following.   
2.4.3.1 Sources of uncertainty   
Different types of uncertainty may affect slope stability. These uncertainties may be divided into 
three main categories including parameter uncertainty, model uncertainty and human uncertainty 
(Tang, 1984; Kulhawy, 1993; Morgenstern, 1995). 
Parameter uncertainty can be categorized in different ways (Vanmarcke, 1977a; Tang, 1984; 
Phoon and Kulhawy, 1999; Gui et al., 2000; Baecher and Christian, 2003; Zhang, 2005). These 
uncertainties may be due to different factors such as spatial variability, bias in measurements and 
sampling with field or laboratory techniques, limitation due to number of samples, difference 
between the actual behaviour and the mechanical model (Christian et al., 1994; Phoon and 
Kulhawy, 1999; Baecher and Christian, 2003). Uncertainties in input parameters can lead to 
uncertainties in output parameters (e.g. factor of safety) and the probability of failure. Soil 
properties uncertainties may be represented by data statistics (such as mean value and standard 
deviation). Model uncertainty relates to the limitation and simplification in the selected theory 
and simulation tools used in predicting the slope performance (Krahn, 2007c). Human 
uncertainties are related to mistakes and errors made by humans.  
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Monte-Carlo method  
In this research project, the Monte-Carlo method implemented in SLOPE/W (Krahn, 2007c) is 
used to conduct probabilistic analyses and evaluate the factor of safety, reliability index and the 
probability of failure. 
Such probabilistic analysis has been considered for several years to assess the effect of 
uncertainty in slope stability (Li and Lumb, 1987; Oka and Wu, 1990; Duncan, 2000; Whitman, 
2000; Duncan and Wright, 2005; Griffiths et al., 2009; Duncan et al., 2014). 
The Monte-Carlo method is effective, and common method to perform a probabilistic analysis 
(El-Ramly, 2001; El-Ramly et al., 2002; Cho, 2007; Griffiths et al., 2009; Cho, 2010). In Monte-
Carlo simulations, the stochastic process is simulated by the random selection of input variables 
(with statistical distribution). Random numbers are generated, and the deterministic analysis is 
performed for each set of values (for the properties distributed in the soil mass). The analysis of 
all the results from multiple calculations represents the probability density function of output 
parameters (e.g. factor of safety FS) based on the probability distribution of input parameters 
(such as internal friction angle and cohesion). The output results can be analyzed to determine the 
probability of failure PoF and the reliability index. This method of simulation is powerful and 
suitable for both linear and non-linear problems. A reliable distribution of outputs usually 
requires a significant number of simulations with different sets of random numbers 
(characteristics).  
The Monte-Carlo simulation technique is implemented in some commercial slope stability 
analysis software such as SLOPE/W, which is used in this study. SLOPE/W is first used to 
perform a typical deterministic slope stability analysis, with representative values of input 
parameters (e.g. internal friction angle, cohesion). This gives a single value of factor of safety and 
the related critical slip surface. This critical slip surface is then used to perform probabilistic 
analysis with the statistical distribution of input variables as described below.  
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Monte-Carlo input parameters  
One approach to generating a probabilistic analysis for slope stability is to “sample” the soil 
properties. For this purpose, the proper mean values for input parameters are selected. The 
probability distribution function is then defined based on the former. Another approach is to 
consider at the onset spatial variability of input parameters (El-Ramly et al., 2002; Griffiths and 
Fenton, 2004; Cho, 2007). The total uncertainty for each variable is represented by the sum of 
two types of uncertainties, related to the statistical distribution and the spatial variability of the 
input variable, as described below.   
 Uncertainty of input parameters    
Soil properties can be defined as random variables using the mean value and standard deviation 
(or coefficient of variation) and a probability distribution function.  
Figure 2-17 (a) and (b) present a soil property defined deterministically and with its uncertainty 
respectively. The appropriate deterministic value can be selected based on the available data 
(number of tests, expected a range of values, etc.), the type of problem and past experiences.  
 
   
Figure 2-17: Deterministic and statistical description of soil property (taken from Griffiths, 2007) 
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The coefficient of variation (COV) is a standardized measure of the dispersion of a probability 
distribution. It is usually expressed as a percentage that represents the ratio of the standard 
deviation (σ) to the mean (μ): 
 
COV% =
σ
μ
Χ100 [2-11] 
 
The COVs values are different from one site to another and for different properties. 
Representative values of COV have been given in the literature for different materials and 
properties. Usually, there is no need to consider all the parameters variability. Only the 
parameters whose variability has a significant effect on the analysis need to be modeled as 
random variables.  
The coefficient of variation for soil properties measured in the field can be as large as 100%; 
although values of 30-50% are more common (Agaiby et al., 1996; Phoon and Kulhawy, 1996).  
Most geotechnical parameters have COVs within the range of 0 to 68% (Duncan, 2000). Table 2-
13 gives some typical values for φꞌ from various sources. 
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Table 2-13: COV for the internal friction angle φ’ of different soils submitted to various 
engineering tests  
Material type Reported COV (%) Source 
Sand 
5-15 
 
5-11 (mean value 37.6) 
13-14 (mean 14) 
2-5 
12 
5-15 
15-25 
Singh (1972); Höeg and Murarka (1974); Lumb 
(1974); Schultze (1975) from Lee et al. (1983) 
Phoon and Kulhawy (1996) 
Phoon and Kulhawy (1999) 
Lacasse (1996 ) 
Harr (1987) 
Becker (1997); Cherubini (1997) from Cherubini 
(2000) 
Barker et al. (1991) from Becker (1997) 
Clay, silt  
12-56 
10-50 (mean value 
15.3) 
4-12 (mean value 33.3) 
7-56 (mean 24) 
3-29 (mean 13) 
6-20 
10-50 
5-25 
Singh (1972); Lumb (1974); Schultze (1975) from Lee 
et al. (1983) 
Phoon and Kulhawy (1996) 
Phoon and Kulhawy (1999) 
Phoon and Kulhawy (1999) 
Phoon (1995) 
Becker (1997); Cherubini (1997) from Cherubini 
(2000) 
Various soils 
(Laboratory 
measured) 
9 Lumb (1966) 
Compacted fill 20 
White et al. (2005) 
 
 
alluvium 21 
Highly 
weathered 
shale 
38 
Moderately 
weathered 
shale 
44 
Slightly 
weathered 
shale 
48 
Gravel 7 Harr (1987) 
Different 
material From 
laboratory test 
5-25 
Manoliu and Marcus; Cherubini et al. (1993); 
Kulhawy (1993); Meyerhof (1995) from Becker 
(1997) 
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Based on extensive studies, three ranges for the effective internal friction angle ϕꞌ will be 
considered in this project:  the low COVs (5%-10%), medium COVs (10%-15%) and high COVs 
(15%-20%)  (based on Phoon, 1995).  
As stated above, SLOPE/W is used for a deterministic failure surface and then performs a 
probabilistic analysis on this same surface (slip surface does not vary). In SLOPE/W, the input 
parameters can be presented by various probability distribution functions, such as normal, 
lognormal, and uniform functions; the normal and lognormal are the most widely used 
distributions (El-Ramly, 2001).  In this thesis, the normal distribution is used. The probability 
distribution of the resulting factor of safety is calculated by using a Monte-Carlo method and 
SLOPE/W (Krahn, 2007c)  
 Uncertainty and spatial variability 
To define the spatial variation of soil properties at a site, one needs to perform characterization 
tests. Such spatial variability represents the variation of soil properties from one point to another, 
even within a so-called homogeneous zone (Lacasse, 1996 ).  
A large amount of data is usually needed to evaluate the spatial variability of geotechnical 
engineering properties. The spatial variability may be affected by different factors such as in situ 
variability (due to variation in mineralogy), deposition condition, physical and mechanical 
decomposition process or measurement errors due to sample distribution, limited availability of 
in-situ information and stress history, test imperfection and human factors (Vanmarcke, 1977a; 
Lacasse and Nadim, 1997). It is usually requested by the correlation length, describing the 
distance over which the spatially random values will tend to be significantly correlated 
(Vanmarcke, 1983). The evaluation of this length is often difficult due to a large amount of data 
needed. Extensive literature reviews on the values of correlation length indicate that depending 
on the geological history and composition, the length in horizontal direction typically  varies 
between 10 to 40 m while it may be between 0.5 to 3 m in the vertical direction (Phoon and 
Kulhawy, 1996; El-Ramly, 2001; Hicks and Samy, 2002).  
The spatial variability (defined as sampling distance in SLOPE/W) may have a significant effect 
on the probability of the failure, especially when the length of potential slip surface is larger in 
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one material. Numerical studies have shown that ignoring the spatial variation of soils properties 
often lead to an overestimated factor of safety and by an over or underestimation of the 
probability of failure (Griffiths et al., 2009; Wang et al., 2010). 
SLOPE/W uses limit equilibrium methods to analyze the stability. The factor of safety 
calculations considers the strength at the mid-point of each slice. The uncertainty of the average 
shear strength along the slip surface appears to be an appropriate measure of uncertainty 
(Anderson et al., 1984; Baecher, Gregory, 1987; Li and Lumb, 1987).  
SLOPE/W tracks the slip surface for each trial as a part of a spatial variability analysis. The 
statistical parameters are sampled where the horizontal distance along slip surface exceeds the 
pre-defined sampling distance or where the slip surface enters new materials. 
SLOPE/W proposes three options for including spatial variability along the slip surface, based on 
the number of times the statistical soil properties are sampled. The first option is sampling the 
probabilistic data only once for the entire slip surface; such one-time sampling usually gives the 
highest probability of failure, due to the larger trial runs with a factor of safety smaller than one. 
This option does not seem appropriate (Krahn, 2007c). The second option is sampling the 
probabilistic data for each slice along the slip surface, which results in a lower probability of 
failure due to the significant fluctuation of soil properties within the slip surface and the tendency 
towards an average condition. This may not be realistic (Krahn, 2007c).The third option ( used 
here) is to sample properties at a specific horizontal distance along the slip surface (as 
recommended by Krahn (2007c). 
Monte-Carlo Output parameters  
Probabilistic slope stability analyses are based on the same principles as deterministic methods 
(e.g. limit equilibrium) with the advantage of considering the uncertainties of selected 
parameters. The factor of safety indicates the relative stability of a slope, but it does not directly 
provide information on the actual risk of slope failure. The outputs of probabilistic analyses 
provide additional information about slope performance. The analysis can be used to evaluate 
two useful indices, i.e. reliability index RI and the probability of failure PoF (El-Ramly, 2001). 
These can help quantify the risk of a slope failure. It is also possible to calculate the mean factor 
of safety and its related variance.  
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The probability density function for the factor of safety follows the same probability density 
function as the input parameters, which is usually the Normal (Gaussian) distribution for 
simplicity. This Normal distribution is the most common function used for probabilistic studies in 
geotechnical engineering (Krahn, 2007c). It represents the factor of safety with a mean value (μ) 
and a standard deviation (σ). 
 Reliability index RI 
A method has been developed to evaluate the stability of geotechnical structures (such as slope) 
and the related risk of instability, by calculating a parameter known as the reliability index RI (or 
β). It is related to the probability that the slope remains stable under a specific set of conditions 
(Duncan and Wright, 2005).  
The values of RI (or β) are based on the margin of safety MS = C-D (instead of FS = C/D). RI is 
related to the mean (μ) and the standard deviation (σ) of MS. The value of RI gives the number of 
standard deviations that separates the mean factor of safety from FS=1.  
The Reliability Index is usually defined as the ratio of the mean factor of safety minus one is the 
related standard deviation (Alonso, 1976; Bergado and Anderson, 1985; Christian et al., 1994):  
Reliability Index (β or RI) =
μFS − 1
σFS
 [2-12] 
The Reliability Index reflects both the mechanics of the problem and the uncertainty of the input 
parameters. The combination of a factor of safety and reliability index helps identify which 
failure has the lower amount of uncertainty related to input parameters.  
USACE (1997) made recommendations for the acceptable value of the reliability index (RI) in 
geotechnical projects. It suggested that a value of RI of 3 or more is needed for an above average 
performance. For major structures such as dams, it should be closer to 5. Table 2-14 presents the 
ranges for reliability index and the probability of failure indicated by U.S. Army Corps of 
Engineering. 
 
55 
 
Table 2-14: Expected levels of performance regarding probability of failure and corresponding 
reliability indexes (U.S. Army Corps of Engineers, 1999) 
Expected performance level Reliability index (β) Probability of failure (PoF) 
High 5.0 0.0000003 
Good 4.0 0.00003 
Above average 3.0 0.001 
Below average 2.5 0.006 
Poor 2.0 0.023 
Unsatisfactory 1.5 0.07 
Hazardous 1.0 0.16 
 
 
 Probability of failure  
The probability (likelihood) of failure represents the probability of having a factor of safety less 
than one, or the ratio of the number of calculation with a factor of safety less than one to the total 
number of iterations in the calculations.  
The probability of failure can be obtained by calculating the area under the PDF curve that is less 
than the value of the limit state (FS=1) (see Figure 2-19). The probability of failure (PoF or Pf) 
can be determined as:  
Pf (PoF) = 1 − ψ(RI) [2-13] 
This probability of failure shows the likelihood of slope failure without any consideration of time 
effect.  
There is no direct relation between the factor of safety and the probability of failure of a slope 
(e.g. a slope with a higher FS may be more stochastically vulnerable to failure compare to a slope 
with lesser FS). Figure 2-18 represents two different probability analysis for a pile foundation 
(Lacasse, 1996 ). It indicates the normal distribution for the factor of safety. The original design 
showed an FS of 1.79 with a probability of failure (PoF= Pf) of 5×10
-3. An updated analysis gave 
FS=1.4 with Pf = 1×10
-4. This comparison indicates that the higher FS may have a higher 
probability of failure.  
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A probabilistic analysis can provide a consistent measure of safety; hence, designs with equal 
probabilities of failure (or reliability index) would have a more uniform level of safety compare 
to designs with an equal factor of safeties.  Baecher (1987) indicated that the targeted probability 
of failure should be around 0.0001 as an acceptable probability of failure for large geotechnical 
engineering structures (Baecher, Gregory B, 1987).  
 
Figure 2-18: Comparison of two probabilistic analysis of a deep pile foundation (adopted from 
El-Ramly (2001) modified from Lacasse (1996 ) 
The probability of failure is sensitive to sampling distance, especially when there are few 
probabilistic input variables. When the shape of the probability distribution of the factor of safety 
is known, the reliability index can be related to the probability of failure. Figure 2-20 shows the 
probability of failure for a normal distribution of the factor of safety. It is seen that as the 
probability of failure decreases, the reliability index increases. Table 2-14 can explain figure 2-
19. For instance, moving from PoF (0.6) with RI zero to PoF (0.0001) with RI 3.7 put the 
hazardous structure in good performance level.  
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Figure 2-19: Nominal probability of failure for normally distributed FS as function of reliability 
index; adapted from Christian et al. (1994) 
The Monte-Carlo method implemented in SLOPE/W allows numerical sampling of the statistical 
variables considering the spatial variability of input materials. Then, the output can give the 
reliability index (RI or β) and the probability of failure (PoF), which can help evaluate the risk of 
failure. This approach has been used here for some of the slope stability analyses (see Chap. 6) 
 
The summary of the literature review explains the need for the development of analytical models 
to investigate the importance of the parameters (e.g. material properties, pile internal and external 
geometry) affecting the waste rock pile stability. More detailed modeling is required to 
understand the mechanism of rainfall infiltration through waste rock piles (based on different 
rainfall intensity and duration, pile geometry, initial hydraulic condition) and their impact on 
unsaturated waste rock pile stability. To obtain a more realistic understanding of the actual 
material properties distribution inside the pile (due to internal geometry and method of 
construction) stochastic analysis is required.  
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CHAPTER 3 NUMERICAL MODELING APPROACH 
The main objective of this chapter is to describe the methodology that has been used to conduct 
the stability analyses of waste rock piles under unsaturated conditions.  The approach presented 
here is being applied for the first time (to the author’s knowledge) to address this issue. The 
chapter covers several areas, including a basic description of the problem, a presentation of the 
calculation tools, and the application of the model validation and verification procedure. Some of 
the main challenges related to the stability analyses of waste rock piles under unsaturated 
conditions (with/without rainfall) are also briefly addressed.  
3.1 Stability analysis procedure  
Water from different sources (such as rainfall) can enter and infiltrate within a waste rock pile. 
The material properties and internal structure of each pile influence the water movement and the 
distribution of pore water pressures, which are also affected by duration/intensity of the recharge.  
The stability of a waste rock pile is dependent on the strength distribution within the pile, which 
in turn can be affected by pore water pressure (positive or negative) development. For instance, 
during a rainfall, the downward movement of the wetting front may affect the suction in the 
unsaturated material. The increase in water level at the base or the accumulation of a large 
amount of water within the pile as a result of climatic events (such as rainfall) may have an 
adverse impact on the pile stability.  
The slope stability analysis aims to define the critical slip surface that coincides with the lowest 
factor of safety, FS. A sequentially coupled seepage - stress distribution - slope stability 
procedure has been adopted here to assess the stability of a pile for various conditions. The 
analysis consists of three steps: i) simulate the rainfall infiltration and flow into the waste rock 
pile; ii) evaluate the stresses within the pile following the rainfall; iii) analyze the stability 
conditions resulting from the rainfall and stress state. These stages are described in the following 
sub-sections.  
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3.1.1 Simulation of rainfall infiltration and water flow 
Darcy's law is used to analyze the water movement within soil under saturated conditions. 
Richards’ (1931) equation (a modified version of Darcy’s Law) is commonly used to represent 
the water flow in unsaturated soil (Fredlund et al., 1978; Fredlund and Rahardjo, 1993).  
The hydraulic conductivity (ks) remains constant in the saturated zone, whereas it varies under 
unsaturated conditions with the volumetric water content k (θ) (or k (ψ)). Comprehensive 
formulations give nonlinear relations between k, the volumetric water content θ and the pore 
water pressure (suction ψ) in the unsaturated zone (see Section 2-3-2 for more details).  
Several functional relationships are proposed that relate water retention curve to unsaturated 
hydraulic conductivity curve including (Brooks, 1964; Van Genuchten, 1980; Fredlund and Xing, 
1994). These equations are typically expressed as a function of the volumetric water content θ 
(L3/L3), hydraulic head H [L], elevation z [L], and time t [T]. Unsaturated hydraulic conductivity 
kw (LT
-1) is expressed as a function of suction (ψ) or water content (θ) [Equation 2-3]  
The water retention curve presents the volumetric water content as a function of the matric 
suction (Aubertin et al., 1996; Dye et al., 2009) which is used for predicting the soil capacity for 
water storage. The flow equations can be express in 2D by Richards’ equation [Equation 2-9].  
The process of solving theses equations can be complex because of the high nonlinearity of the 
water retention function (θ versus ψ) and the hydraulic conductivity curve (kw versus ψ). These 
are mainly solved using numerical methods.  
One of the numerical analysis techniques for solving these types of equations is the finite element 
method (FEM) based on continuity equations. The FEM divides the model body into smaller 
regions or elements to seek an approximate solution. The divisions allow the analyses of the 
distribution of pore water pressure (or displacement) in the body. The discretized body, divided 
into mesh with several elements with the properties stored at the nodes (used for connection with 
adjacent elements).   
The FEM processes the behavior of each element with some interpolation functions 
(Huyakorn, 2012). The key to this method is the principle of minimization to limit errors. It then 
combines all of the regions/elements together to represent the behavior of a unit body (Strang and 
Fix, 1973; Zienkiewicz et al., 1977; Hughes, 2012)  
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The basic simplified finite element equation is usually expressed as follows (Krahn, 2007b):  
 [K]{X} = {A} [3-1] 
Where [K] represents a matrix of coefficients (related to geometry and material properties), {X} 
represents the vectors in field variables and {A} are the vectors of actions at the nodes.   
For seepage analyses, {X} is usually considered equal to {H} (i.e. total pore water pressure heads 
at the nodes) and {A} equals {Q} (flow quantities at the node). Equation (3-2) can then be 
written as follows for seepage analyses: 
 [K]{H} = {Q} [3-2] 
More generally for transient flow, the FE seepage equation is expressed as (Krahn, 2007b): 
 [K]{H} + [M]{H}, t = {Q} [3-3] 
Where [M] is the element mass matrix and t is time. 
In a seepage analysis, the first primary unknown is usually the total head at each node. The 
specified H or Q at some nodes is used to compute the detailed values. The specified H or Q is 
presented as boundary conditions in the model, which can also be defined as a gradient. 
The process to solve Richard’s equation is iterative. In the first step, the total H is defined at each 
node. In successive iterations, the value of H is updated taking into consideration the values of H 
from previous iterations. For transient simulations, the average head between two successive time 
steps is considered (the past and current: the midpoints of time intervals). The iterations continue 
until the convergence criteria is met, i.e., when the calculated results do not change by more than 
a specified amount between two successive iterations. More details on these analyses can be 
found in the references (e.g. (Krahn, 2007b).  
3.1.2 Analysis of the stress-strain behavior   
In unsaturated soils, the transient flow of water can change the stress state in the soils. The soil 
structure can deform following these changes and reach a new equilibrium state. The related 
stresses change the space available for the flow of water, resulting in new hydraulic properties for 
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the soil. The transient process of water flow is thus highly non-linear. Two constitutive 
relationships can describe a volume change of an unsaturated soil. One relationship for the soil 
structure (concerning volumetric strains) and another for the water phase (concerning degree of 
saturation or volumetric water content). 
The relation between water flow and deformation process can be evaluated through the coupling 
of mechanical equilibrium equations and water continuity equations.  
The equilibrium equations and water continuity equations can be considered at the same time 
(coupled approach), or considered independently (uncoupled approach).  
An elastic-plastic model is used here to describe the geomechanical behavior of the waste rock. 
Figure 3-1 presents a typical stress-strain curve for the elastic-plastic model. It shows that the 
stresses are proportional to strains until the yield point; beyond that, the stress-strain follows a 
horizontal line. The Mohr-Coulomb yield criterion can be used as the yield function for the 
elastic-plastic model (Section 2-3-4).  
 
Figure 3-1: Elastic-perfectly plastic constitutive relationship (GeoSlope International Ltd, 2008) 
With the coupled approach, the water continuity equations are solved separately from the 
equilibrium equations in an iterative manner. The flow formulation is solved first then the 
subsequent pore water pressure (PWP) changes are used as input for a stress-deformation analysis 
that provides displacement and induced stresses due to applied boundary conditions (e.g. PWP 
changes). 
To perform a stress-strain analysis, the geometry and the boundary conditions applicable to the 
pile and the material behavior (elastic - plastic) and geotechnical parameters of the waste rock 
(and foundation soils) must be specified.  
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The dependent variables for the stress-deformation analysis are horizontal and vertical 
displacement.  
The finite element code represents the field variables for stress-strain analysis as incremental 
displacements at the nodes, whereas in the finite element code for unsaturated seepage, the field 
variables are hydraulic heads at the nodes (Wong et al., 1998). 
The FEM deals with the incremental analysis of the stress – strain behavior. It uses this process 
with the boundary conditions for each step. As an example, the forces are obtained as: 
∆𝐹 =  𝐹𝑖 − 𝐹𝑖−1 [3-4] 
Where i represents the time step number; Both Fi and Fi-1 are calculated based on boundary 
conditions for that time step. An initial boundary condition must be defined for the first step. 
Hence, it is necessary to define in-situ conditions for a waste rock pile stress distribution analysis.  
The incremental form of the stress – strain relationship can be defined as (Fredlund and Rahardjo, 
1993):  
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 [3-5] 
Where Δ symbolizes increments; ε, σ (ML-1T-2) and τ (ML-1T-2) represent the normal strains, 
normal stresses, and shear stresses; ua and uw are pore air and pore water pressures. E is elastic 
modulus for the soil structure and H is unsaturated soil modulus on matric suction; υ is the 
Poisson’s ratio.  The air pressure is the atmospheric condition. The equation can then be 
simplified as: 
{∆σ} =  [D]{∆ε} + [D]{mH}(uw) [3-6] 
With [D] as a drained constitutive matrix and {mH}
T = 〈
1
H
1
H
1
H
 0〉 (Krahn, 2007d) 
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The additional displacement for each time step is calculated based on the previous time step 
displacement: 
 σstep2 = σstep1 + ∆σnew [3-7] 
It should be noted that time is a relevant parameter where the dissipation/change of pore water 
pressure depends on time (such as during consolidation). 
The following is a simplified coupled equation where the top half represents the equilibrium 
equation and bottom half represents the seepage continuity equation (Krahn, 2007b).  
 [
[K]s
[L]t
[L]
[K]w
] {
∆d
∆u
} = {
F
Q
} [3-8] 
Where  
[L]: coupling matrix 
Δd: incremental displacement 
Δu: incremental change in pore water pressure 
 
If Δu is obtained from another source (from the code SEEP/W for instance), it becomes a known 
condition for this equation, which gives the volume change calculated from the previously 
computed Δu. This leads to strains and stresses at any location.   
3.1.3 Evaluation of the stability and safety factor of the slope 
In a slope stability analysis, the slope can be either infinite or finite. Different solutions have been 
proposed to assess infinite slope stability. For finite slope, it has been observed that a failed slope 
moves downward and outward along a curved plane with an approximately circular shape (at 
least initially).   
The basic method of stability analysis defines the factor of safety FS as the ratio of the moments 
or forces resisting the sliding to the moments and forces causing the sliding, or the ratio of the 
shear stress applied to the shear strength of the soil.  
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The main method used for slope stability analysis is the limit equilibrium method. It is a widely 
used technique for solving factor of safety equations. The process starts with the selection of a 
potential sliding mass and dividing it into slices of varying widths. An assumption must be made 
regarding the inter-slice forces, then, equilibrium of the potential sliding mass is evaluated based 
on the terms of forces acting on the slices and the moment about an assumed center of rotation 
through one of the computational methods (see details in section 2-4-1).  
This process is systematically repeated for a great number of possible slip surfaces to determine 
the most critical surface location (the minimum factor of safety FS). This application of the limit 
equilibrium method does not give any information on the stress-strain behavior leading to failure. 
Limit equilibrium methods use vertical slices to divide the sliding mass. The acting forces and/or 
moments are analyzed for each slice. The sum of the driving forces (or moments; i.e. demand D) 
is compared to the resisting force (or moments; i.e. capacity C)), to determine the Factor of safety 
against slope failure (FS =
𝐶
𝐷
 ) (see section 2-4).  
It is also possible to compute the distribution of stresses with the finite element method within the 
slope (as explained below, in section 3.2) and then implement these stresses inside a limit 
equilibrium framework to analyze the stability. In this case, there are usually no interslice forces.  
3.2 Calculation tools 
The codes from GeoStudio (GeoSlope International Ltd, 2008) have been used to perform the 
analyses of the waste rock piles. These are described in the followings:  
3.2.1 SEEP/W  
In this study, SEEP/W (version 7.23) is used to assess the pore water pressures distribution 
within the waste rock piles. SEEP/W is a finite element program that can simulate seepage within 
the soil (Krahn, 2007b). It is capable of modeling different types of material and boundary 
conditions in two-dimensions, for either a steady-state or transient analysis, under saturated or 
unsaturated conditions. It has been widely used for seepage modeling by different authors; e.g. 
(Chapuis et al., 2001; Fala, 2002).   
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The code requires the water retention curves (WRC) and hydraulic conductivity functions (which 
are highly nonlinear in unsaturated soils) of the materials as inputs to solve the flow equations 
(based on Richard’s, Equation 2-9).   
Three fundamental steps are needed to use the  software (Krahn, 2007b) 
i) Discretization to divide the model domain into small areas (called elements)  
ii) Specify and implement material properties 
iii) Define the boundary conditions 
The geometry of the model is first defined in two dimensions. The material properties 
(established directly from measurements, taken from the literature, or generated by predictive 
methods) are then implemented.  
The constitution of the model must also include the initial conditions and the boundary conditions 
(which may vary over time). The external environment is usually considered to define the 
boundary conditions for the models, in the form of constant head or time-variable continuous 
flow (includes rainfall with various levels of intensity or duration). These boundary conditions 
are applied on the element’s edges or nodes. 
Two assumptions (simplifications) have been adopted to conduct this part of the study with 
SEEP/W; i) the effect of evaporation are neglected; ii) the hysteresis of the water retention and k 
function is not taken into account.  
3.2.2 SIGMA/W  
The code SIGMA/W (version 7.23) is also based on the finite element method. It can simulate 
problems with boundary conditions that change over time. It can be used to model a variety of 
stress-strain and deformation problems in soils such as consolidation problems and stress-strain 
analyses (Pedroni, 2011; El Mkadmi, 2012; L-Bolduc, 2012).  
It includes various formulations for the constitute equations, from a simple linear elastic model to 
highly nonlinear elastoplastic models. It can be used to compute stresses and deformations with 
or without changes in pore-water pressures. SIGMA/W can also be coupled with SEEP/W for the 
interactive analysis of changes in pore pressures and deformations.  
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Material properties used in SIGMA/W can be either effective stress parameters for drained 
conditions or total stress parameters for undrained conditions.  
Two methods can be used in SIGMA/W to solve the seepage and the related stress distribution. 
The first one is a fully coupled consolidation type, which calculates both pore water pressures 
and the displacements simultaneously. In this case, both hydraulic and displacement boundary 
conditions are added for the SIGMA/W calculations.  
The second method is partially coupled. The changes in pore water pressure are calculated first 
by software like, SEEP/W. Then SIGMA/W takes the pore water pressure for each step as an 
input for the deformation analysis. The related effective stresses and volume changes due to pore 
water pressure changes are then computed. 
In partially coupled simulation, the boundary conditions for the stress-deformation analyses can 
be either of the displacement or load type.  
For the relatively complicated seepage analyses conducted here, it is recommended to use the 
partially coupled procedure (Krahn, 2007a). The transient flow equation is solved first, and then 
the results are used to obtain the related stresses. The stress-deformation analyses give the 
displacements and stresses due to applied boundary conditions and changes in matric suction. 
3.2.3 SLOPE/W   
The code Slope/W (version 7.23) uses the limit equilibrium theory to compute the factor of safety 
for slope stability (Krahn, 2007c). It can analyze the slope stability for saturated/unsaturated 
zones by computing the factor of safety as a function of the input parameters. SLOPE/W is 
capable of modeling heterogeneous soil types and complex slip surface geometry with variable 
pore pressure conditions (Krahn, 2007c) 
Various methods of slices, including Bishop, Janbu, and Morgenstern-Price, are available in code 
to evaluate the factor of safety FS of the slope (see section 2-4 for more details about the 
methods). It also provides a choice of probabilistic inputs for soil parameters.  
The stress distribution obtained with the limit equilibrium methods does not typically represent 
the actual stress field along a slope (Griffiths and Lane, 1999; GeoSlope International Ltd, 2008). 
Adding the stress-strain relationship (from SIGMA/W) to the stability analysis results in a stress 
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distribution that is more accurate and closer to field conditions. Here the stresses were first 
computed by SIGMA/W. The results were then used in a conventional limit equilibrium 
framework by SLOPE/W to calculate the factor of safety based on input provided by SIGMA/W 
(which gives σx, σy and τxy within each element).   
The stresses are known for each element from the SIGMA/W calculations, so the normal and 
mobilized shear stresses are calculated for each slice (at the base mid-point of each slice) with the 
following process:  
 The stresses at each node (σx, σy, and τxy) give stresses at any point within the element 
(including the base mid-point of each slice) 
 The limit equilibrium discretization provides the inclination angle (α) at the base of the 
slice  
 Having α and using the Mohr circle gives the base normal and shear stress  
 The frictional shear strength is calculated from the normal stress 
 These stresses are then converted to forces by multiplying the former by the length of the 
slice  
 This process is repeated for all of the slices.  
The critical factor of safety is then calculated:  
 FS =
∑Sr
∑Sm
= 
C
D
 [3-9] 
where  
Sr: total shear resistance  
Sm: the total mobilized (imposed) shear  
 
There is the added possibility of checking the local factor of safety for each slice with this 
method; No assumption is needed about the interslice forces, and the displacement compatibility 
is always satisfied.    
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Slip surface 
The primary goal of the slope stability analyses is to determine the potential slip surface that has 
the overall minimum factor of safety. In SLOPE/W, the slip surface may be circular, composite 
or take on other shapes defined by a series of straight lines.  
Several search methods are available in SLOPE/W to identify either circular or non-circular slip 
surfaces (identified as Grid and Radius, Entry and Exit methods, etc.). The method of Grid and 
Radius, which is commonly used for slope stability analyses, includes defining a grid of points 
(representing the potential centers) and a range of tangent lines to the circular slip surface 
(representing the radius of the slip surfaces). For Entry and Exit method, the location where the 
trial slip surfaces enter the ground surface and where they exit the ground surface need to be 
identified.  
In the literature, it has been reported that the failure surface of slopes is often non-circular due to 
different soil characteristics such as hydrological or geotechnical heterogeneity (Brooks et al., 
1993).  
Recent studies have shown that circular slip surfaces do not necessarily give the minimum factor 
of safety (Krahn, 2007a, 2007c). Refinement of the slip surface shape may lead to a non-circular 
slip surface with the lowest factor of safety. The process of defining a non-circular slip surface is 
available in SLOPE/W under the optimization option (Krahn, 2007c).  
Figure 3-2 illustrates a typical optimization process for a non-circular slip surface. The critical 
circular slip surface is obtained first, and then the optimization process starts.  
The slip surface is divided into several straight line segments. Then the point where slip surface 
enters the ground is moved backward and forward randomly along the ground surface to obtain 
the lowest factor of safety. Adjustments are then made to the next point along the slip surface to 
reach the lowest factor of safety again. This process is repeated for many points along slip 
surface. Then the longest line segment is divided into two parts by adding a new point, and this 
process is repeated until the process reaches specified limits (e.g. maximum number of 
optimization trials). The results present the critical Optimized (non-circular) slip surface. In this 
study, both circular and non-circular (Optimized) slip surfaces are shown.   
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Figure 3-2: Movement areas of points in the optimization procedure, taken from Krahn (2007c)  
 
The minimum depth of a slip surface can enter into SLOPE/W. This option expresses the 
minimum depth of a slip surface through the minimum depth of at slice along the slip surface. 
This feature can be defined for all the methods presented in SLOPE/W, for any slip surface shape 
(circular or Optimized). 
3.3 Details on the analysis procedure and parameters selection 
The stability of a waste rock pile depends on the stresses and strength distribution within the pile, 
which is influenced by the pore water pressure. The slope geometry and initial pore water 
pressure are first defined in the model. Then the seepage due to infiltration (rainfall) is analyzed 
with SEEP/W. The resulting PWP distribution becomes the input for the SIGMA/W simulation. 
The stress distribution in a pile calculated with SIGMA/W is used as input for SLOPE/W to 
determine the critical slip surface (either circular or Optimized) and the minimum factor of safety. 
Additional information is presented in the following sections.  
3.3.1 SEEP/W model characteristics  
Different piles with two-dimensional geometries have been considered for the simulations. The 
details of these geometries are presented in Chapter 4 (Tables 4-4 and 4-5). 
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The hydraulic properties of the materials were established directly from experimental 
measurements (Aubertin et al., 1996; Fala, 2002; Gamache-Rochette, 2004; Aubertin et al., 2005; 
Aubertin et al., 2008; Bussière et al., 2011; Peregoedova, 2012). The details are presented in 
Chapter 4. 
The boundary conditions were defined based on the purpose of the simulations. As an example, 
for cases dealing with unsaturated waste rock with an apparent cohesion, the initial negative pore 
water pressures are used to define the expected value of capp (see Section 4-6). For transient 
analyses, various rainfalls with different durations/intensities are defined as boundary conditions 
(see Section 5-4).  
For all cases, the water table was defined at a selected depth, and a drainage point was added (at 
the very right end of water table surface) to make sure that the water table was not significantly 
raised during and after the rainfall (see section 5-3, Figure 5-2).  
The mesh size is an important parameter that affects the accuracy of FEM calculations. These can 
be advantageous to choose a fine mesh taking into consideration the software capacity and 
computing time limitations (Delleur, 2006). However, there are few rules for selecting the mesh 
size (specially for waste rock), and it should be considered case by case. Typically the mesh is a 
function of material properties; for example, the air entry value and slope of the WRC may have 
an influence on mesh size (Aubertin et al., 1996; Fala, 2002). Aside from these, it is also 
important to consider the model size, material properties, time steps and boundary conditions 
(Chapuis et al., 2001).  
An extensive mesh study is presented in Appendix B (section B-1), section Figure 3-3 presents a 
typical mesh configuration for Case S21 (see Tables 4-4 and 4-5). The unstructured mesh type is 
used to evaluate the effect of infiltration. Element size, located on the slope surface, is selected to 
be close to the waste rock AEV (about 12 cm, see Figure 3-3). Along the interface between two 
materials (e.g. loose and compacted waste rock, loose waste rock, and silty sand foundation), 
finer meshes are defined to limit the fluctuations due to the sudden changes of hydraulic 
properties. 
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Figure 3-3: Typical mesh configuration for a typical model simulation (in SEEP/W and 
SIGMA/W), Case S21  
 
For transient analyses, a constant time step was used (a constant value of ~100 sec for short-term 
- 24 hours – recharge,  and 10 000 sec for long-term - 365 days- analyses). This time step is the 
smallest possible that leads to valid results (obtained by comparing results for varying time 
steps).  
Rainfall is a boundary condition defined in SEEP/W. This boundary condition is defined without 
ponding on the crest and slope surfaces during the rainfall. This means that the model does not 
allow a pore water pressure at the surface greater than 0 (kPa). In this case, the excess water is 
removed from the surface as runoff without further infiltration.  
 
~ 12 cm 
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3.3.2 SIGMA/W model characteristics   
The geometry, boundary conditions, material behavior (nonlinear elastic-plastic) and 
geotechnical parameters must be specified to perform the stress analyses of waste rock piles.  
The geometry of the pile and the mesh properties used in the SIGMA/W models are identical to 
these used for the SEEP/W simulations. Un-coupled analyses were used with SIGMA/W in this 
study. Hence, the hydraulic conditions are transferred from SEEP/W to SIGMA/W for the 
simulations.  
The displacement boundary conditions at the base were “Fixed X/Y” (i.e. the displacements in X 
and Y directions are not allowed at the base). For the sides (right and left), displacements along X 
are not allowed (Fixed X). The elastic-plastic model with the Mohr-Coulomb yield criterion was 
used. Details with other geotechnical parameters are presented in section 4-3.  
3.3.3 SLOPE/W model characteristics  
The Grid and Radius method was mainly used, with the possibility of evaluating both circular 
and non-circular (Optimized) critical slip surface. For some cases, the Entry and Exit method is 
used to search for specific critical slip surfaces (e.g. section 5-5).  
A few simulations are presented to compare the values of FS, and the shape of slip surface from 
different methods of calculations, including the Bishop, simplified, Morgenstern-Price and FE 
stress-based (circular and non-circular) methods in Chapter 4.  
3.4 Validation and verification of the models 
The improper use of Numerical models can provide results that are unrealistic or meaningless. 
Therefore, it is necessary to verify the validity of results of the calculations obtained with 
numerical codes. In cases where analytical solutions are known, one can compare results for 
simple models to verify if the results are the same (Chapuis et al., 2001). However, analytical 
solutions usually require simple geometries, initial and boundary conditions and homogeneous 
properties. Numerical methods can deal with heterogeneity, anisotropy, asymmetrical geometries 
and mixed boundary conditions, which are usually too complicated for analytical solutions. In 
such cases, the results provided by the code can be compared to experimental results or the 
results provided by other (better known) and already validated codes (Chapuis et al., 2001). 
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In the literature, there are very few numerical simulations dealing with the unsaturated flow in 
waste rock piles or similar structures (Fala, 2002, 2008; Dawood and Aubertin, 2009; Dawood 
and Aubertin, 2012). One of the main numerical issues is simulation convergence. Different 
factors may influence the convergence of the simulations calculated with a code like SEEP/W 
including the convergence criteria, the mesh characteristics, and material properties.  
Convergence of finite element calculations can be improved by (Chapuis et al., 2001; Fala, 
2002):  
 Reducing the size of the elements  
 Reducing the time interval increasing the number of iterations  
 Adjusting the hydraulic functions 
The residuals (i.e. the difference between Gauss point conductivity) obtained as the solver iterates 
can be checked to evaluate the convergence. A smaller residual indicates a better convergence.  
Due to the coarse-grained nature of the waste rock, the hydraulic conductivity function becomes a 
critical factor. The convergence is usually not achieved easily because of the steep slope of this 
function, together with the low air entry value at the WRC. This means that a very small change 
in suction may result in a large change (by order of magnitudes) to the hydraulic conductivity due 
to changes in θ (or Sr).  
The main method of checking the convergence of simulations with SEEP/W is by comparing the 
hydraulic conductivity (kw – ψ) function and water retention curve (volumetric water content 
versus suction) in successive iterations with the initial curves implemented into the model. 
Convergence is usually achieved when these graphs coincide (Fala, 2002).  
For each simulation, the time step is constant. The time step value may change from simulation to 
simulation, as a function of the boundary conditions and the duration of transient analyses. The 
time steps are kept as small as possible; values in the range of 100 to 200 seconds are used for 
different simulations considering short term analyses.  
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3.5 Types of problems and main challenges  
Various parameters were implemented for the simulations to obtain adequate convergence. As 
was stated earlier, the mesh was designed to have a small size, i.e. close to the AEV of waste rock 
(~ 12 cm; see also Appendix B – section B-1)  
Smoothing the WRC and imposing a limit to the lower hydraulic conductivity limit (i.e. 10-13 
m/s) may also help improve numerical stability in some calculations (Fredlund et al., 1994; 
Mbonimpa et al., 2006). 
Despite this precaution and measure, some convergence issues were encountered during the 
simulations. These issues are mainly related to the waste rock pile with compacted waste rock 
layers within the pile. For example, Figure 3-4 presents a waste rock pile with compacted waste 
rock layers and a silty sand foundation (Case S21 described in Chapter 4). The boundary 
condition is based on rainfall (recharge) of 5.78x10-7 m/s with 24 hr duration. The initial suction 
is 1 kPa (= capp) through the pile. The water table is located 7 m below the ground surface.  
 
 
Figure 3-4: Geometry and regions for the simulated waste rock pile (Case S21) under transient 
conditions (rainfall of 5.78×10-7 m/s, duration of 24 hrs; capp=1 kPa) to evaluate numerical 
convergence issues. 
The convergence was assessed for four different regions: Layer1, WR1, Layer2, and WR2. These 
regions are shown in Figure 3-5. After the rainfall, each region is checked for convergence. For 
H (m) 
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that purpose, the value of volumetric water content θ and its related suction ψ for all the nodes in 
that region was retrieved. Figure 3-5 presents a portion of layer 1 with its nodes (in blue).  
 
Figure 3-5: Points representing the nodes in Layer 1 for convergence issues  
Figure 3-6 presents the volumetric water content versus suction for all the nodes in Layer 1 and 
the water retention curve of the compacted waste rock material. It is observed that almost all of 
the nodes show a behavior similar to the curve (more than 80%), but a few of them are not 
located on the WRC. The points that are not on the curve are located at H = 19 m, with varying 
values of x. This means they are all located very near the interface between the compact and 
loose waste rock materials; at these locations, the extracted data for each element gives a value, 
for both the volumetric water content and suction, between the WRC of these two materials (see 
also below).  
 
Figure 3-6: Volumetric water content versus suction for nodes in Layer 1 after rainfall 5.78×10-7 
m/s with 24 hr duration compared to the imposed water retention curve 
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Figure 3-7 presents similar results for Layer 2. After locating the nodes that are not placed on the 
water retention curve of compacted waste rock material, it was observed that these nodes are 
located at H=9 m. This means these nodes located near the interface of Layer 2 and WR2.  
 
Figure 3-7: Volumetric water content versus suction for nodes in Layer 2 after rainfall 5.78e×10-7  
m/s with 24hr duration compared to the water retention curve of the compacted waste rock 
 
Figure 3-8 shows a part of WR1 with the nodes that are used for assessing convergence. For each 
node, the value of volumetric water content and its related suction are retrieved from SEEP/W 
results, and they are compared with the water retention curve of the waste rock material.  
 
Figure 3-8: Points representing the nodes in WR1 to be checked for convergence issues 
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Figure 3-9 (a) and (b) illustrate the volumetric water content vs. negative pore water pressure for 
all of the nodes in WR1 and WR2.  
It is observed that for both cases a significant number of the nodes volumetric water content are 
located on the water retention curve (the total number of nodes is approximately 2900 and 3800 
for WR1 and WR2, respectively). 
For WR2, the nodes with different volumetric water content are located on the waste rock pile. It 
is observed that nodes are located at different heights (H), including H=0 to 0.3 m (interface of 
WR1 and foundation), H=9 m (interface of WR2 and Layer 2) along the x axis.  
For WR1, the nodes with volumetric water content different are located on the waste rock pile. It 
is observed that nodes are located at different heights (H), including H=10 to 10.3 m (the 
interface of WR1 and Layer 2), H=19 (interface of WR1 and Layer 1) along x axis.  
Figure 3-9 presents the volumetric water content of nodes in WR1 and WR2 compared with both 
the water retention curve of loose and compacted waste rock material.  
It is shown that the nodes which have a volumetric water content not located on the water 
retention curve of the waste rock, have volumetric water content closer to the compacted waste 
rock material.   
  
Figure 3-9: Volumetric water content versus suction for nodes in WR1 (a) and WR2 (b) after a 
rainfall of 5.78x10-7 m/s with 24 hr duration compare to WRC of the loose and compacted waste 
rocks 
Due to the difference in hydraulic conductivity and water retention curve of the loose and 
compacted waste rock (specifically the air entry value and the curve slope), there is an issue for 
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the nodes that are located at the interface of two materials. The value of the volumetric water 
content for these elements may not be calculated correctly as it is computed at the element Gauss 
points and is then projected to the nodes for contouring purposes (in SEEP/W). Large changes in 
the values at the Gauss points within an element may lead to imprecise estimates in such cases 
(Krahn, J., 2007b). Also for the nodes located on (or very near) the interface of two materials the 
parameter values at the Gauss points may vary widely (for three or four Gauss points adjacent to 
the node). The projection of these points to the nodes (average) can result in an over-shoot for the 
projected nodal water contents (i.e. beyond the range of the volumetric water content function; 
see SEEP/W Manual).  
The issue is associated with the change of material from one point to another (from a higher 
saturated hydraulic conductivity to a lower saturated hydraulic conductivity and vice versa), and 
the software does not correctly calculate the local properties (and response). However, these 
nodes should not have a significant influence on the outcomes of these simulations, which is the 
extension of a wetting front in the slope due to rainfall and changes in a factor of safety as a 
result of that. Hence, this aspect is not expected to affect the accuracy of the calculations.  
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CHAPTER 4 STABILITY ANALYSIS OF WASTE ROCK PILES 
UNDER STABLE, DRY OR HUMID, CONDITIONS 
4.1 Introduction  
As stated earlier, mining operations often produce large amounts of non-economical, coarse-
grained waste rocks. These are typically disposed of as piles on the surface above the water table, 
under unsaturated conditions (Aubertin et al., 2002a; Fala et al., 2005; Aubertin et al., 2008; 
McLemore et al., 2009; Blight, 2010). The local slope angle of these piles is mainly controlled by 
the natural deposition (repose) angle  of the waste rock, dumped from trucks or pushed by 
dozers. The value of  is usually close to the internal friction angle ϕꞌ of the waste rock (i.e. 
around 37° for hard rock mines). As the local factor of safety FS is small (close to 1), slope 
stability of piles can be a concern for mine operators (Piteau Associates Engineering, 1991; 
Aubertin et al., 2002a; Aubertin, 2013) 
The shear strength of unsaturated waste rock can be affected by various factors (see section 2-3-
4), including the apparent cohesion produced by matric suction within an unsaturated pile. This 
apparent cohesion, which affects the factor of safety, FS, can change with time and location due 
to the evolution of water distribution. This aspect is investigated in a preliminary manner in this 
chapter through slope stability analyses, for constant and uniform conditions in the piles. The 
calculations are performed according to the procedure described in section 3-3. The influence of 
different factors, including the pile geometry and properties of the waste rock is considered. 
4.2 Methodology 
The behavior of waste rock piles depends on the pile geometry, boundary conditions, and 
geotechnical parameters. Numerical simulations were used to evaluate their stability considering 
different values of apparent cohesion, internal friction angle, pile geometry (both internal and 
external), and foundation properties. As discussed earlier, the stability of a waste rock pile 
depends on the strength distribution within the pile, which may be influenced by pore water 
pressure. For cases where there is infiltration, the pore water pressure is first defined using 
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SEEP/W. SIGMA/W was then used to calculate the stress distribution, and SLOPE/W used to 
determine the critical slip surface and the minimum factor of safety. SEEP/W was not used for 
idealized cases where there is no infiltration; in such cases, the PWP (or VWC) are imposed as an 
initial (constant) condition in the models.  
The geometry and initial boundary conditions (including the imposed apparent cohesion) were 
defined for SEEP/W and SIGMA/W to evaluate the PWP and stress state in a pile. The code 
SLOPE/W (Geoslope International Ltd; Krahn, 2007c) was used for the slope stability analyses 
using the method of slices (e.g. simplified Bishop Method, MP method, FE stress-based method 
with the circular and optimized surface). For FE stress-based method (circular and Optimized) the 
critical slip surface and the matching factor of safety were determined from the computed stresses 
obtained with the finite element (stress-based) method (with SIGMA/W). With this procedure, 
calculated values of σx, σy, and τxy at the Gauss numerical integration point for each element is 
projected to the nodes, giving the stresses at each node of the FE mesh. The shear stresses 
(normal and mobilized) were obtained for each slice at mid-point of its base.  
The stability analysis with SLOPE/W provides a factor of safety FS, and the location and shape 
of the critical slip surface (circular or non-circular). 
These results were used to assess the stability of waste rock piles as a function of different factors 
including pile geometry and material properties.  
4.3 Materials characteristics  
Four different materials were considered in constructing the conceptual and numerical models of 
the unsaturated waste rock piles. A gravelly material (coarse waste rock), a crushed (sandy) waste 
rock (which represents the finer material layers, with a lower saturated hydraulic conductivity 
and higher internal friction angle, as mentioned in sections 2-1-2 and 2-2), as well as a silty sand 
and a clayey sand (for foundation soil).  
4.3.1 Hydraulic properties 
Waste rock from the Tio mine site has been characterized by (Peregoedova, 2012). The properties 
of compacted waste rock layer were taken from (Bussière, 1999) based on the characterization of 
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a sandy material (which represents the finer-grained, compacted layers). The water retention 
curves for these materials were obtained laboratory data interpreted using Van Genuchten (1980), 
Table 2-3. The hydraulic conductivity was then derived from the Mualem (1976) analytical 
model as developed by van Genuchten (1980) (more details are given in sections 2-3-1 and 2-3-
2). The corresponding parameters are provided in Table 4-1. The hydraulic properties of the silty 
sand and silty clay (foundation soils) are based on typical values for the hydraulic conductivity 
and WRC for these types of soils (Chapuis, 2010).  
The coarse and compacted (sandy) waste rocks show relatively high values for the saturated 
hydraulic conductivity ksat, with a low water retention capacity (i.e. low air entry value, AEV). 
The silty sand and silty clay foundation materials have much lower saturated hydraulic 
conductivity and higher AEV compared to the waste rock materials.  
 
Table 4-1: The van Genuchten (1980) model (see Table 2-3) parameters for the coarse and 
compacted fine waste rock materials, silty sand and silty clay foundation materials 
Material r s 
αv  
(cm-1) 
nv ks (m/s) 
AEV 
(kPa) 
WEV 
(kPa) 
D10 
(mm) 
D60 
mm 
Coarse 
waste rock 
0.051 0.21 0.419 2.194 1×10-3 0.12 1.2 0.22 67 
Compacted 
waste rock  
0.01 0.29 0.03 3.72 5.1×10-5 2 7 0.12 0.5 
Silty sand 0.11 0.51 0.0075 N/A 5 ×10-7 13 50 N/A N/A 
Silty clay 0.13 0.49 0.0019 N/A 3×10-8 50 250 N/A N/A 
 
θr
 
= residual volumetric water content  
θs
 
= saturated volumetric water content 
α
v
, n
v 
= van Genuchten fitting parameters  
ks
 
= saturated hydraulic conductivity 
 
Figure 4-1 presents the water retention curves based on the van Genuchten (1980) (see Table 2-3) 
for the coarse and compacted waste rock material and those adopted for the silty sand and silty 
clay foundation soils.  
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Figure 4-1: Water retention curves for the four materials (compacted and coarse WR, silty sand 
and silty clay) used in the analyses 
 
Figure 4-2 presents the hydraulic conductivity functions (based on the Mualem (1976) van 
Genuchten (1980) Equation 2-5) for these same materials.   
 
Figure 4-2: Hydraulic conductivity functions used in the analyses for the four materials 
(compacted and coarse WR, silty sand, and silty clay) 
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4.3.2 Geotechnical properties 
As already mentioned, the internal friction angle ϕꞌ of coarse waste rock is often close to the 
angle of repose of waste rock in piles, while the value of the effective c' cohesion is zero. For 
other parameters such as dilatation angle ψd and Poisson ratio υ, the values mentioned in Table 4-
3 are used; these values of the dilatation angle and Poisson’s ratio are a function of the internal 
friction angle ϕꞌ.  
There is a paucity of results available to assess the modulus of elasticity (Young’s modulus) E 
[FL-2] of waste rock, which is related to the material stiffness and its resistance to straining. The 
value of E is expected to depend on various factors, including material density and effective 
confining stresses. The Young’s modulus (kPa) is used as input parameters in SIGMA/W. Table 
4-2 presents some E modulus values for granular soils (pavement materials) that can be 
considered fairly similar to waste rock (Sveinsdóttir, 2011). These values correlate fairly well 
with recent laboratory measurements on a waste rock which indicates that Young’s modulus E 
can exceed 100 MPa (see Appendices A).  
Table 4-2: Typical values of the Young’s modulus (E) for granular materials  
Materials  E modulus  (MPa) Reference 
Uncrushed base - Clean, well-drained gravel 70 - 400 
Sveinsdóttir (2011) Uncrushed base - Clean, poorly-drained gravel 20 – 100 
Gravelly and/or sandy soil 70 - 400 
Gravel/sand well-graded  
30 – 80 (Loose) based on Obrzud 
and Truty (2012) 
taken from Kézdi 
and Rétháti (1974) 
and  Prat et al. 
(1995)  
80-160 (Medium) 
160-320 (Dense) 
Sand and gravel   70-170  Das (2003) 
Sand and gravel   
50 – 150 (Loose) 
Bowles (1996) 
100 – 200 (Dense) 
 
The geotechnical characteristics of the four materials used in the analyses are presented in Table 
4-3. The waste rock is cohesionless (c' = 0), and its internal friction angle (ϕ') is 37° (in a 
relatively loose state). The relationships given in Table 4-3 give the value of the dilation angle 
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(ѱd) and Poisson’s ratio () (more analyses have been conducted with a dilatation angle of zero, 
presented in Appendix A; these analyses indicate that dilatation angle has no significant role in 
these type of simulations). The geotechnical characteristics of silty sand and silty clay material 
are taken from the literature referencing typical properties for these materials.  
Table 4-3: Geotechnical parameters of the different materials used for the analyses (basic values) 
Material 
Cohesion 
c' (kPa) 
Internal 
friction 
angle ϕꞌ 
(°) 
Unit 
weight γ 
(kN/m3) 
Young 
modulus 
(MPa) 
Dilation 
angle (°) 
(1) 
Poisson 
ratio (2) 
Coarse waste rock 0(3) 37 (3) 19.5 80  24.8 0.29 
Compacted waste 
rock  
0(3) 
45(3) 19.5 240  22.0 0.23 
Silty sand 15(4) 30(4) 17.0(4) 20   20.0 0.33 
Silty clay 60(4) 20(4) 18.0(4) 150  13.4 0.39 
 
(1) Dilation angle ψd = 0.67 ' (McCarthy, 2007)  
(2) Poisson’s ratio  based on Jaky’s relationship for Ko  (McCarthy, 2007)  𝜐 =
1−sin𝜑
2−sin𝜑
  
(3) Typical for waste rocks from metal mines (Aubertin et al., 2002a; Aubertin et al., 2008; 
McLemore et al., 2009; Aubertin, 2013) 
(4) Typical for silty sand and clayey soils (McCarthy, 2007) 
 
4.4 Geometry of waste rock piles with foundation  
4.4.1 Pile Models 
Different scenarios have been considered in the simulations by varying the piles internal and 
external geometry. All of the models in this study were defined in two dimensions (2D) under 
plane strain conditions.  
Nine groups with different geometries are presented in Tables 4-4 and 4-5. The foundation 
material is a coarse waste rock, silty sand or a silty clay soil.  
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The simulations in Group 1 (Cases S1 to S4, Ht = 20, 40, 80, and 120 m respectively; S5, S6, Ht 
= 40 m) consider waste rock piles without a bench. Table 4-5 presents the details of the geometry 
regarding the height Ht (m), the length of the base Lb1 (m) and length at the top Ls (m) (Tables 4-
4 for other details and the geometry). Cases S1 to S4 have slope angles of 37° (α = β = 37° with ɑ 
and β representing the global and local slope angles respectively; see Table 4-4) and Case S5 and 
S6 α = β = 26° and 30°, respectively. The body of the pile consists of homogenous coarse waste 
rock while the foundation is either coarse waste rock, silty sand or clayey soil.  
Group 2 (Cases S11 to S14, Ht = 20 m to 120 m; and S18, Ht = 20 m) and Group 3 (Cases S15 to 
S17, Ht = 40 m to 120 m; S19, Ht = 80 m) represent homogenous waste rock piles with 2 or 3 
benches (see Tables 4-4 and 4-5). The geometry is defined in terms of heights Ht, Hi1, Hi2, Hi3 
(m), lengths at the base of the benches Lb1, Lb2, Lb3 (m); length at the top Ls (m) and the global 
and local angles (with β = 37° for all cases and α = 26° for all cases except S18 α = 30° These 
parameters are defined in Table 4-5.  
Group 4 (Cases S21 to S24, Ht = 20 m to 120 m) and Group 5 (Cases S25 to S27, Ht = 40 m to 
120 m) correspond to waste rock piles with 2 or 3 benches, with 2 or 3 horizontal (compacted) 
waste rock layers within the pile. The pile body is made of coarse waste rock, and the layers are 
made of compacted (fine) waste rock. The geometry is defined in terms of heights Ht, Hi1, Hi2, 
Hi3 (m), lengths at the base Lb1, Lb2, Lb3 (m), length at the top Ls (m), thickness of layers Lt (m), 
and the angles (with β = 37° for all cases and α = 26° for all cases except S19 α = 30° see Tables 
4-4 and 4-5).  
Group 6 (Cases S31 to S34, Ht = 20 m to 120 m) and Group 7 (Cases S35 to S38, Ht = 20 m to 
120 m) represent waste rock piles with two benches and compacted layers placed with an 
inclination of 1% or 5%. The geometry is defined based on heights Ht, Hi1, Hi2, Hi3 (m), length at 
the base Lb1, Lb2, Lb3 (m) and length at the top Ls (m), thickness of layer Lt (m), inclination of 
layers and the angles (α = 26° and β = 37°) (see Table 4-3 and 4-4). 
Groups 8 and 9 represent waste rock piles with alternate layers parallel to the pile external slope 
(Tables 4-4 and 4-5). Group 8 (Cases S41 to S44, Ht = 20 m to 120 m) represents waste rock 
piles with two benches, with horizontally compacted layers in the pile and alternate layers 
parallel the slope. Group 9 (Cases S51, Ht = 20 m) represents waste rock pile with two benches, 
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5% inclined compacted layers and alternate layers parallel to the external slope. The geometry of 
Groups 8 and 9 is defined based on height Ht, Hi1, Hi2 (m), length at the base Lb1, Lb2 (m) and 
length at the top Ls (m), thickness of layer Lt (m) and the angles (α = 26° and β = 37°).  
Table 4-4: Geometric configuration of the waste rock piles used for the stability analysis 
Materials  Geometric configuration  Cases  
 
 
Group 1 
S1: Ht=20m 
S2: Ht=40m 
S3: Ht=80m 
S4: Ht=120m 
α=β=37° 
S5: Ht=40m 
α=β=26° 
S6: Ht=40m 
α=β=30° 
 
 
Group 2 
S11: Ht=20m 
S12: Ht=40m 
S13: Ht=80m 
S14: Ht=120m 
α= 26°, β=37° 
S18: Ht = 20m 
α= 36°, β=37° 
 
 
Group 3 
S15: Ht=40m 
S16: Ht=80m 
S17: Ht=120m 
α= 26°, β=37° 
S19: Ht = 80m 
α= 30°, β=37° 
 
 
 
 
 
 
  
Coarse WR 
Foundation 
α=β=37° 
Coarse WR 
Foundation 
α=26° 
β=37° 
Coarse WR 
Foundation 
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Table 4-4: Geometric configuration of the waste rock piles used for the stability analysis 
(continued) 
Materials Geometric configuration Cases 
 
 
Group 4 
S21: Ht=20m 
S22: Ht=40m 
S23: Ht=80m 
S24: Ht=120m 
Lt=1 m 
α= 26° 
β=37° 
 
 
 
 
Group 5 
S25: Ht=40m 
S26: Ht=80m 
S27: Ht=120m 
Lt=1 m 
α= 26° 
β=37° 
 
 
Group 6 
S31: Ht=20m 
S32: Ht=40m 
S33: Ht=80m 
S34: Ht=120m 
Inclination 1% 
Group 7 
S35: Ht=20m 
S36: Ht=40m 
S37: Ht=80m 
S38: Ht=120m 
Inclination 5% 
Lt=1 m 
α= 26° 
β=37° 
 
 
 
 
Coarse WR 
Foundation 
Compacted 
Coarse WR 
Foundation 
Compacted WR  
Coarse WR 
Foundation 
Compacted 
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Table 4-4: Geometric configuration of the waste rock piles used for the stability analysis 
(continued) 
Materials Geometric configuration Cases 
 
  
Group 8 
 
S41: Ht=20 m 
S42: Ht=40 m 
S43: Ht=80 m 
S44: Ht=120m 
α= 26° 
β=37° 
Lt = 1 m 
 
 
   
 
 
 
 
Group 9 
 
S51: Ht=20 m 
inclination: 
5% 
α= 26° 
β=37° 
Lt  = 1 m 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coarse WR 
Foundation 
Compacted WR  
Coarse WR 
Foundation 
Compacted WR  
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The detailed dimensions used in the simulation for Groups 1 to 9 are presented in Table 4-5.  
Table 4-5: Additional details on Groups 1 to 9 (Cases S1 to S51) 
Group Cases 
Ht  
(m) 
Lb1 
 (m) 
Lb2  
(m) 
Lb3 
 (m) 
Ls  
(m) 
Hi1  
(m) 
Hi2  
(m) 
Hi3 
 (m) 
Lt  
(m) 
Inclination  
CL 
1 
S1 20 36.5 - - 10 - - - - - 
S2 40 73.1 - - 20 - - - - - 
S3 80 146.2 - - 40 - - - - - 
S4 120 219.2 - - 60 - - - - - 
S5 40 102 - - 20 - - - - - 
S6 40 89.3 - - 20 - - - - - 
2 
S11 20 43.8 23.3 - 10 10 - - - - 
S12 40 77.5 36.5 - 10 20 - - - - 
S13 80 155 73 - 20 40 - - - - 
S14 120 232.6 109.6 - 30 60 - - - - 
S18 20 40.77 23.3 - 10 10 - - - - 
3 
S15 40 78.7 51.8 24.8 6.75 13 13.5 13.5 - - 
S16 80 158.5 104.13 49.35 13.5 26.5 26.5 27 - - 
S17 120 237.4 155.1 73 20 40 40 40 - - 
S19 80 141 94.2 49.3 13.5 26.5 26.5 27 - - 
4 
S21 20 43.8 23.3 - 10 10 - - 1 - 
S22 40 77.5 36.5 - 10 20 - - 1 - 
S23 80 155 73 - 20 40 - - 1 - 
S24 120 232.6 109.6 - 30 60 - - 1 - 
5 
S25 40 78.7 51.8 24.8 6.75 13 13.5 13.5 1 - 
S26 80 158.5 104.13 49.35 13.5 26.5 26.5 27 1 - 
S27 120 237.4 155.1 73 20 40 40 40 1 - 
6 
S31 20 43.8 23.3 - 10 10 - - 1 1% 
S32 40 77.5 36.5 - 10 20 - - 1 1% 
S33 80 155 73 - 20 40 - - 1 1% 
S34 120 232.6 109.6 - 30 60 - - 1 1% 
7 
S35 20 43.8 23.3 - 10 10 - - 1 5% 
S36 40 77.5 36.5 - 10.71 20 - - 1 5% 
S37 80 155 73 - 21.4 40 - - 1 5% 
S38 120 232.6 109.6 - 32.1 60 - - 1 5% 
8 
S41 20 43.8 23.3 - 10 10 - - 1 - 
S42 40 77.5 36.5 - 10 20 - - 1 - 
S43 80 155 73 - 20 40 - - 1 - 
S44 120 232.6 109.6 - 30 60 - - 1 - 
9 S51 20 43.8 23.3 - 10 10 10 - 1 5% 
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4.4.2 Characteristics of the pile foundation  
Three different materials and various geometries have been considered for the foundation below 
the pile in the numerical analyses. The foundation dimensions in the calculations are defined with 
the value of LF and HF (m) shown in Figure 4-3.  
 
Figure 4-3: Dimensions of the foundation used for the simulations performed with GeoStudio 
(SEEP/W, SIGMA/W, and SLOPE/W; see text for details) 
Different values of LF and HF were initially considered, based on the ratio of the total pile height 
Ht (m). LF (= 0.4, 0.5, 1, 2 Ht m) and HF (= 0.25, 0.5, 1, 1.5, 2 Ht m). The effect of these sizes 
on the values of FS for two types of geometry (Case S1 and S11) is presented in Figure 4-4 for 
two foundation materials, i.e., waste rock and silty sand. The geometric characteristics are 
presented in Table 4-3; capp = 0 for these simulations.  
Figure 4-4 demonstrates that changing the two sizes HF; LF does not have a significant impact on 
the value of FS (with SLOPE/W). The change in FS is between 0.3 to 0.6 % when the length goes 
from 0.4 H to 2 H (m).  It was decided to use a value of LF   = 0.5 Ht or0.8 Ht (m) in the different 
simulations (i.e. 0.5 Ht for smaller piles, 0.8 Ht for larger piles). The changes in FS are between 
0.4 to 5 % (FS increases as the depth of foundation is increased) when the foundation H (Hf) 
changes from 0.25 Ht to 1.5 Ht. Following this preliminary evaluations, it was decided to fix the 
value of HF at 0.4 Ht (m) in all simulations.  
 
LF 
HF 
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Figure 4-4: Effect of the model foundation size (length LF and height HF see Figure 4-3) on the 
factor of safety of waste rock pile for Cases S1 and S11 (with capp = 0); Foundation material: 
waste rock or silty sand; simulation with SIGMA/W and SLOPE/W 
4.5 Boundary conditions  
For the simulations where there is no rainfall (or infiltration), only SIGMA/W and SLOPE/W 
were used. In this case, two types of boundary conditions were defined, i.e. the displacement and 
the hydraulic conditions.  
Figure 4-5 presents a typical of displacement conditions for a single bench waste rock pile (Case 
S1, left) and a two bench waste rock pile (Case S11, right) simulated with SIGMA/W. In these 
two cases (and other cases not shown here), the movement is blocked in the horizontal (x) 
direction on both vertical sides (left and right) of the model. The movement is blocked along x 
and y directions at the base of the foundation. This type of boundary condition is imposed for all 
the simulations conducted with SIGMA/W.  
  
Figure 4-5: Displacements boundary conditions for simulations with SIGMA/W (Cases S1 left 
and S11 right)  
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The initial hydraulic condition is based on an initial negative pore water pressure (suction) 
distribution within the pile, established as a function of the specific apparent cohesion (as 
described in section 4-6).  
4.6 Apparent cohesion in the waste rock  
 The factor of safety (FS) of geotechnical works is controlled by the material strength and 
induced loading (stress) state. The shear strength is influenced by different factors, including 
particle shape, porosity, natural stresses, pore water pressures and degree of saturation.  
The shear strength of unsaturated soils and similar materials (such as waste rock, see Section 2-3-
4) can be defined using the extended Mohr-Coulomb criterion (i.e. Table 2-7, (Fredlund et al., 
1978; Vanapalli et al., 1996; Khalili and Khabbaz, 1998).  
The apparent cohesion capp can then be expressed from this formulation. Equation [4-1] is 
available in SIGMA/W  (Vanapalli et al., 1996):  
 C = c′ + (ua − uw) [tanϕ
′ (
θw − θr
θs − θr
)]  [4-1] 
In this study, the material properties (i.e. internal friction angle, ϕ') are defined as effective 
parameters in SIGMA/W simulation, and also suction is considered in the process of simulating 
of the unsaturated waste rock. SIGMA/W then uses the volumetric water content function and 
Equation 4-1 to generate the value of capp. It considers that the saturated volumetric content θs is 
related to the lowest suction; it then calculates residual water content θr as 5% of saturated water 
content θs. For any other suction, it retrieves the volumetric water content from the water 
retention curve and calculates the apparent cohesion from Equation 4-1.  
In these calculations, the suction values and the related specific volumetric water content in the 
material were adjusted to obtain targeted values for the apparent cohesion.  
As an example, Figure 4-6 presents two sample function generated by SIGMA/W, showing the 
relationship between capp and suction for loose and compacted waste rock material with an 
internal friction angles ’ of 37° (Fig. 4-6 a) and 45° (Fig. 4-6 b) (based on Equation 4-1 used by 
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SIGMA/W). The water retention curves were retrieved from Figure 4-1. The values of capp were 
calculated for each θ and related suction (ua - uw); for instance, when ψ = 6 kPa, capp= 1 kPa; for 
ψ = 60 kPa, capp= 10 kPa (a).  
  
 
 
Figure 4-6: Values of capp versus suction, based on Equation 4-1 (simplified version implemented 
in SIGMA/W); a) coarse waste rock (with ϕꞌ = 37°); b) compacted, fine waste rock (ϕꞌ = 45°) c) 
alternative for coarse waste rock (with ϕꞌ = 37°) based directly on Eq. 4-1 (but not used in the 
calculations, as this function is not fully implemented in SIGMA/W)   
As explained at the beginning of this section, SIGMA/W uses a simplified version of the 
Vanapalli et al. (1996) equation, by considering θr = 5% θs. For compacted fine waste rock 
material, this equation appears to be realistic (with θr =0.01 = 5% θs = 0.29); but for the coarser 
waste rock material, the experimental and imposed values don’t correspond (θr =0.05 ≠ 5% θs = 
0.21); this is why two different trends are seen here on Figure 4-6 (a and c).  
Different values of capp (= 1, 5, 10, 25 kPa) were applied to evaluate the effect of the (apparent) 
cohesion on the waste rock pile stability in a series of analyses.  
(a) (b) 
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As mentioned in Chapter 2, laboratory and field observations indicate that the effective cohesion 
c’ of waste rock (from hard rock mines) is typically nil, while the apparent cohesion of coarse 
grained (humid) waste rock capp is relatively small (given the low AEV = a and WEV = r).  
Based on the WRC, it can be inferred that the maximum (anticipated) capp value would remain 
below about 5 (to 10) kPa for these materials, with typical values fairly close to 1 to 2 kPa. 
Although small, this value of capp may still have an effect on the FS of the pile slope (as will be 
shown below).  
Also, the existence of cohesion induced by cementation may lead to higher values of C. This 
explains (in part) why relatively large values (up to 25 kPa) were also considered here; these 
higher values also helped evaluate the tendencies. But such unrealistically high values of the 
cohesion are not deemed representative of what can be expected in most waste rock piles.    
Also, it is recalled that, in practice, it can be non-conservative to include the apparent cohesion 
when performing stability analyses for the design of waste rock piles (because this value is highly 
uncertain and may vary over time and space). 
4.7 Typical results from stability analyses under constant conditions 
Detailed calculations for some base cases (Cases S1, S11, and S21, Table 4-4) are first shown 
here to illustrate numerical modeling process. Other results are then presented and discussed. 
Two types of slip surfaces are presented in this Chapter. First, the local slip surface covers less or 
equal to 50% Ht (pile total height), second, the global slip surface cover total pile height (100% 
Ht, passing at the toe).  
4.7.1 Detailed calculations for Case S1 
The effect of apparent cohesion on the pile stability is assessed in this section. For each 
simulation, the selected capp is related to a specific suction imposed on the pile (Figure 4-7).  
Figure 4-7 presents the pore water pressure within the waste rock pile simulated with SIGMA/W 
for capp = 1 kPa. The negative pore pressure is constant along lines A and B; PWP ≈ - 6 kPa (for 
capp = 1 kPa). It is assumed that the water table is deep and that the same suction exists in the 
foundation and pile.  
95 
 
 
 
 
Figure 4-7: PWP distribution for Case S1 (capp =1 kPa) along lines A and B obtained with 
SIGMA/W 
The finite element stress analysis performed with SIGMA/W gives the value of σx, σy, and τxy 
within the pile. Figure 4-8 presents a typical contour plot of the total vertical stresses in the waste 
rock pile (Case S1). The vertical stresses are influenced by the overburden weight and tend to 
increase with depth. The contour for σy = 50 kPa is located at a varying distance from the ground 
surface, and it is closer to the surface along the inclined slope and near the toe area, which means 
that the overburden weight does not just influence the vertical stress, but it is also affected by the 
shear stresses induced the inclined surface. 
 
Figure 4-8: Total vertical stress σy contours (kPa) computed with SIGMA/W (Case S1, with capp 
=1 kPa) 
Figure 4-9 presents the vertical effective stresses σ'y for Case S1, with capp= 1 kPa. As illustrated, 
the value of effective stress on the ground surface is about 6 kPa, which is equal to the local 
negative PWP (= u; σ' = σ – u = 0 – (-6 kPa)).  
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Figure 4-9: Vertical effective stress σ'y contours (kPa) computed with SIGMA/W (Case S1, with 
capp =1 kPa) 
As explained in section 3-3, the stresses calculated with SIGMA/W (σx, σy, and τxy) are 
transferred into SLOPE/W to determine the value of the factor of safety FS of the slope (using 
the FE stress-based method). This approach differs from the usual limit equilibrium methods 
(available in SLOPE/W) to calculate FS (i.e. Bishop, Janbu, Morgenstern-Price (MP) methods of 
slices); details about these methods are given in section 2-4-1.  
In these calculations, the FE stress-based method is applied for the stability analysis, both 
circular and non-circular (Optimized) surfaces. The suction values in the waste rock pile are used 
to calculate the stresses at mid-point at the base of each slice. A particular suction is thus imposed 
as the initial condition (with c' as zero). Other calculation methods, such as MP and simplified 
Bishop do not consider the effect (presence) of suction; for these methods, a value of c 
(equivalent to capp, without suction) is imposed on the material (for comparison purposes).   
Figure 4-10 presents the relatively shallow critical slip surface and center of rotation obtained for 
Case S1 with different methods available in SLOPE/W, i.e. simplified Bishop, Morgenstern-Price 
(MP), circular FE stress-based method and Optimized (non-circular) FE stress-based method (for 
a minimum depth of 1 m for the deepest slice along the failure surface). It shows that the FS 
obtained with the FE stress-based method is somewhat higher compared to the Morgenstern-
Price (MP) and Bishop Methods in this case; the slip surface is closer to the crest with the former. 
The Optimized FE stress-based method gives a lower factor of safety compare to FE stress-based 
method, in part due to the non-circular shape.   
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Figure 4-10: Relatively shallow critical slip surfaces, center of rotation, and FS obtained with 
SLOPE/W using different methods (Case S1, capp=1 kPa; a) Morgenstern-Price (MP) method; b) 
Optimized FS-stress based method; c) FE stress-based method; d) Simplified Bishop method 
Figure 4-11 presents the factor of safety and the center of rotation related to deeper slip surfaces. 
To obtain such deeper slip surfaces a minimum depth constraint for slip surface is defined in 
SLOPE/W to eliminate the shallower slip surfaces (see section 3-2-3). In these analyses, the FE 
stress-based method again gives a higher factor of safety compare to MP and Bishop Method 
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(1.318 versus 1.241 and 1.245 respectively). The non-circular slip (Optimized) surface also gives 
a lower factor of safety of 1.249, which is closer to the two standard methods.  
It can be noted that increasing the depth of slip surface results in a higher factor of safety. For 
instance, an FS = 1.18 is obtained for shallow slip surface with the MP method; FS increases to 
1.24 for deeper slip surface with the MP method (see Figures 4-10 and 4-11).  
 
 
  
Figure 4-11: Relatively deep critical slip surfaces, center of rotation, and FS obtained with 
SLOPE/W using different methods (Case S1 capp=1 kPa; a) Morgenstern-Price (MP) method; b) 
Optimized FS-stress based method; c) FE stress-based method; d) Simplified Bishop method 
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The stresses (and strength) distributions along the shallower slip surfaces (see Figure 4-10) for 
the different methods are presented in Figure 4-12.  
Figure 4-12 (a) presents the shear stress mobilized along the slip surface. It is seen that for both 
Optimized FE stress-based and FE stress-based method, the mobilized shear stress values are 
higher near the toe of the slope. The values of shear strength are 25 kPa and 15 kPa for the 
circular FE stress-based and Optimized FE stress-based slip surfaces, while this value is close to 
zero for other methods.    
Figure 4-12 (b) presents the shear strength distribution along the slip surface. It is seen that the 
shear strength distribution along the slip surface is very similar to simplified Bishop and MP 
method but different from FE stress-based (circular and Optimized) method. The Optimized FE 
stress-based method gives a lower peak value of the shear strength compared to the other 
methods, due in part to its non-circular shape (e.g. a peak value of about 20 kPa is obtained for 
the Optimized FE stress-based method while it is close to 25 kPa for the other methods).  
These results indicate that the stress conditions computed by a limit equilibrium analysis may be 
different from that given by the finite element method. This difference is due to the localized 
shear stress concentrations that are not considered in the limit equilibrium method. The finite 
element stresses obtained with an FE analysis are thus considered more realistic for the cases 
analyzed here.  
 
 
 
100 
 
 
  
 
 
Figure 4-12: Distribution of the shear stress mobilized (a), shear strength (b) and effective normal 
stresses (c) along relatively shallow critical slip surface (see Figure 4-10) for different analysis 
methods (Case S1 capp=1 kPa), obtained with SLOPE/W 
 
The values of FS and the position of the center of the rotation are presented in Table 4-6. The 
values of FS can be somewhat different for each method because of the different hypotheses 
adopted (see more details in section 2-4-1). It is seen that the critical FS values from the different 
limit equilibrium methods (i.e. simplified Bishop, and Morgenstern–Price) are close to each other 
(with small differences due to different assumptions). The FE stress-based method gives higher 
FS. Other limit equilibrium methods (e.g. simplified Bishop, MP) do not consider the initial 
suction, for these cases C (= capp + c') is imposed on the material. The Optimized FE stress-based 
method (where a slip surface that is not circular) often gives a lower value of FS than the circular 
FE stress-based method.  
101 
 
 
 Table 4-6: FS and position of center of rotation for shallower slip surfaces (see Figure 4-10) 
obtained with different methods (Case S1 with capp = 1 kPa) 
Method 
  
FS 
Center of rotation (obtained with SLOPE/W) 
X (m) Y (m) R (m) 
Bishop simplified 1,123 51,2 44,4 46,47 
Morgenstern-Price 1,118 49,6 45,7 46,48 
FE stress-based method 1,198 46,4 48,3 46,49 
Optimize FE stress-based method 1,152 N/A N/A N/A 
With limit equilibrium methods of slices (such as simplified Bishop, MP), the assumption is that 
the value of FS does not change from one slice to another along the slip surface. However, with 
the FE stress-based methods, the value of local FS can vary from one slice to another (see section 
3-2-3).  
Figure 4-13 presents the local FS values for different calculations methods for Case S1 (capp = 1 
kPa). The value of FS for the different limit equilibrium methods is constant along the slip 
surface for all the slices, while it can change dramatically for the FE stress-based methods.  The 
higher values are around 5 for the upper slices (close to crest), and the lower values (around 0.6) 
are for the slices near the toe.  
 
Figure 4-13: Local factor of safety per slice for the different analysis methods (FE stress-based 
method, Optimized FE stress-based method, simplified Bishop, MP), Case S1, capp= 1 kPa  
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4.7.2 Detailed calculations result for Case S11  
Figure 4-14 presents the pore water pressure distribution within Case S11 (homogeneous waste 
rock pile with two benches (α = 26°, β = 37°), and waste rock as foundation material) simulated 
with SIGMA/W, with capp = 1 kPa. The PWP along lines A, B, C, and D are constant (PWP ≈ -6 
kPa); this value corresponds to capp = 1 kPa within the pile.  
 
 
 
Figure 4-14: PWP distribution for Case S11 (capp =1 kPa) along lines A, B, C, and D obtained 
with SIGMA/W 
 
Figure 4-15 presents the contour plots of vertical total stress distribution within the waste rock 
pile (results from SIGMA/W). Like Case S1, the total stress on the ground surface is zero and 
increases with depth. Vertical stress contours are not always at a constant distance from the 
ground surface. For example, the 50 kPa contour is much closer to the ground surface near the 
slope and the toe of the waste rock pile. This indicates the influence of shear stress on the vertical 
stresses.   
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Figure 4-15: Total vertical stress σy contours (kPa) computed with SIGMA/W (S11) for capp =1 
kPa 
Figure 4-16 shows vertical effective stresses σ'y for Case S11 with capp= 1 kPa. It is apparent that 
the value of effective stress on the ground surface is close to 6 kPa (representing initial PWP) and 
it satisfies the relation σ' = σ – PWP (0- -6 kPa). It also shows that there is an increase in the 
vertical effective stresses in the depth of the pile due to the increase of vertical total stress.  
 
Figure 4-16: Vertical effective stress σ'y contours (kPa) computed with SIGMA/W (Case S11, 
with capp =1 kPa). 
Figure 4-17 presents the slip surfaces, factors of safety and the centers of rotation of the slip 
surfaces for four different methods including Morgenstern-Price, simplified Bishop, Optimized 
and circular FE stress-based method. The slip surface for the Optimized FE stress-based method 
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is the shallowest of all the methods.  It is seen that the slip surface is deeper near the crest of the 
pile for FE stress-based methods (circular and Optimized). The overall shape of slip surface is 
not significantly changing from one method to other, but the calculated FS is the smallest for MP 
method and largest for circular FE stress-based method.   
 
 
 
 
Figure 4-17: Relatively shallow critical slip surfaces, center of rotation and FS obtained with 
SLOPE/W using different methods (Case S11, capp=1 kPa); a) Morgenstern-Price (MP) method; 
b) Optimized FS stress-based method; c) FE stress-based method; d) Simplified Bishop method 
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Figure 4-18 presents the global slip surfaces and related FS obtained with different methods. The 
slip surfaces enter the waste rock pile at some point in the crest and exit the pile from the toe. It 
shows a similar trend as local slip surface. The highest factor of safety is obtained with circular 
FE stress-based method and the lowest FS obtained with Optimized FE stress-based method, 
presenting a non-circular shape.  
 
  
  
Figure 4-18: Relatively deeper critical slip surfaces (entering the crest and exiting the toe), related 
center of rotation obtained with SLOPE/W using different methods (Case S11, capp=1 kPa); a) 
Morgenstern-Price method (MP); b) Optimized FS stress-based method; c) FE stress-based 
method; d) Simplified Bishop method 
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Figure 4-19 presents the shear mobilized (a) shear strength (b) and effective normal stress (c) 
distribution along the global critical slip surface.  
The distribution of shear mobilized for limit equilibrium methods does not show significant 
changes from one method to another. Nonetheless it is different for the circular and Optimized FE 
stress-based methods. The shear mobilized is close to zero at the beginning and end of slip 
surface (i.e. slices no. 1 and 30) for limit equilibrium methods, whereas it has values close to 10 
and 25 kPa for Optimized and circular FE stress-based methods, respectively (4-19, a).  
This shows the shear strength distribution for limit equilibrium methods (e.g. simplified Bishop, 
MP) are similar yet differ from FE stress-based methods (circular and Optimized). In upper 
bench, the shear mobilized is higher for FE stress-based method (peak 30 kPa vs. 15 kPa for FE 
stress-based methods and limit equilibrium methods) while they are lower on the lower bench 
(peak 30 kPa vs. 40 kPa for FE stress-based methods and limit equilibrium methods). The peak 
value of shear mobilized in upper, and the lower bench is close in FE stress-based method while 
in other limit equilibrium methods a higher peak is observed for the lower bench (see Figure 4-
19(b)). Likewise, the value of shear strength at the beginning and end of slip surface is close to 
zero for limit equilibrium methods; however, they have higher values for circular and Optimized 
FE stress-based methods (between 10 kPa to 25 kPa).  
The distribution of effective normal stress for critical slip surface in Figure 4-19 (c) is similar to 
the shear strength distribution.  
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Figure 4-19: Distributions of the a) shear stress mobilized; b) shear strength; c) effective normal 
stresses; along critical slip surface for different analysis methods obtained with SLOPE/W (see 
also Figure 4-18) 
 
Table 4-7 presents the FS and its related center of rotation for critical global slip surface in Figure 
4-18. The FS is higher for the FE stress-based method compared to other methods. It is seen that 
the Optimized FE stress-based method (which does not have a circular shape) gives a lower 
factor of safety compare to FE stress-based method with a circular shape (Figure 4-18). 
Comparing Tables 4-7 and 4-8 indicate that the values of FS for Case S11 are higher compared to 
Case S1 (from different methods). For both cases, the FS obtained with the Optimized FE stress-
based method is lower compared to FS from FE stress-based method.  
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Table 4-7: FS and details of center of rotation for different method (Case S11), capp =1 kPa 
Method FS 
Centre of rotation (obtained with SLOPE/W) 
X (m) Y (m) R(m) 
Bishop simplified 1,527 64,07 78,3 80,89 
Morgenstern-Price 1,525 64,07 78,3 80,89 
FE stress-based method 1,559 64,07 78,3 80,89 
Optimize FE stress-based method 1,474  NA NA   NA 
 
It indicates the local FS starts from 5 for slices near the crest and decreases to a value close to 0.5 
for the slice near the toe, with the FE stress-based methods. For slices, # 15 to 20 the local FS is 
different for FE stress-based and Optimized FE-stress based methods. These mid slices have 
higher local FS and smaller depth for Optimized FE stress-based method (see Figure 4-18).  
For each slice, the local FS in FE stress-based methods is either higher or lower compared to 
global FS for limit equilibrium methods. It is seen that for a few slices, the local FS appears to be 
smaller than 1 even if this is not physically possible.  
This suggests that the computed stressed in some zones are higher that the available soil strength. 
These unrealistic results appear to be due to some numerical convergence issues (as indicated in 
the Slope/W manual); as this situation is much localised, it is not expected to influence the 
outcome of the analysis significantly.  
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Figure 4-20: Local factor of safety per slice for different methods (FE stress-based, Optimized 
FE stress-based, simplified Bishop, MP), Case S11, capp =1 kPa 
4.7.3 Detailed calculations result for simulation S21 
Figure 4-21 presents the PWP distribution within a waste rock pile (S21, with 2 benches and 2 
horizontal compacted layers, α = 26°, β = 37°) with capp = 1 kPa. Along lines A, B, C, and D, the 
pore water pressure is constant in waste rock material (≈ - 6 kPa), and it is also constant within 
the compacted waste rock layers (≈ - 1 kPa). 
 
 
 
Figure 4-21: PWP distribution for Case S21, capp =1 kPa, along lines A, B, C, and D obtained 
with SIGMA/W 
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SIGMA/W was used to calculate the vertical normal stresses distribution. As shown in Figure 4-
22, the vertical stresses increase within depth. The distance of a given stress isocontour is not 
constant from the ground surface. These are somewhat closer to the ground surface near the toe 
of the pile, due to the effect of stress redistribution along the slope.    
 
Figure 4-22: Total vertical stress σy contours (kPa) computed with SIGMA/W (S21, for capp =1 
kPa) 
Figure 4-23 shows vertical effective stresses σ'y for Case S21 with capp= 1 kPa. Effective stress 
on the ground surface in the layer is close to 1 kPa (representing initial PWP in the compacted 
layer), and it satisfies the relation σ' = σ – PWP (0 – (-1kPa)). There is an increase in the vertical 
effective stresses at depth as a result of the increase in vertical load.  
 
Figure 4-23: Vertical effective stress σ'y contours (kPa) computed with SIGMA/W (Case S21, 
capp =1 kPa) 
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Figure 4-24 presents the distribution of shear mobilized, shear strength, and effective normal 
stresses along the local critical slip surface. Figure 4-24 (a) presents the distribution of shear 
mobilized along the critical slip surface. It is observed that Optimized FE stress-based and FE 
stress-based methods present higher shear mobilized near the toe.  
The shear strength (kPa) at the beginning and end of a slip surface is close to zero for simplified 
Bishop and MP, whereas higher values (≈ 17 and 30 kPa at the beginning, and ≈ 10 kPa at the 
end) are observed for circular and Optimized FE stress-based methods (Figure 4-24 (b). The 
distribution of effective normal stress is very similar to that of shear strength.   
  
 
 
Figure 4-24: Distributions of the a) shear stress mobilized; b) shear strength; c) effective normal 
stresses, along local critical slip surface (Case S21, capp =1 kPa) for different analysis methods 
obtained with SLOPE/W 
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Figure 4-25 presents the local FS per slice along the local critical slip surface. The local FS in not 
changing between slices in limit equilibrium methods, but it varies significantly in FE stress 
based methods. The FS is high for slices near the crest (SF = 5) and it is very low near the toe 
(FS ≈ 0.5)  
 
 
Figure 4-25: Local factor of safety per slice obtained with different methods (Case S21, capp =1 
kPa) 
Table 4-8 presents the FS and the related center of rotation for local critical slip surface. The 
radius and FS are higher for the FE stress-based method compared to other methods. The 
Optimized FE stress-based method (which does not have a circular shape) gives a lower factor of 
safety compared to FE stress-based method with a circular shape.  
Table 4-8: FS and centers of rotation for critical local slip surfaces with different methods (Case 
S21, capp =1 kPa) 
Method FS 
Centre of rotation 
X (m) Y (m) R(m) 
Local slip surface 
Bishop 1,178 30 32,9 23,79 
Morgenstern-Price 1,173 30 32,9 23,79 
FE stress-based method 1,284 37,2 46,2 38,73 
Optimize FE stress-based method 1,245 NA NA NA 
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4.7.4 Effect of c and ϕꞌ and comparisons with the Cousins charts 
As mentioned in section 2-4-2, the target value of FS for a large slope should be between 1.3 and 
1.5 for waste rock piles during mining operations; FS = 1.5 is recommended for long-term 
behavior upon closure (Aubertin, 2013).  
The analyses of a single bench waste rock pile like Case S1 can be performed in a simplified 
method by considering cꞌ, ϕꞌ, and γ as constants. Graphical solutions can then be used to calculate 
the factor of safety, such as the charts developed by Cousins (1978). Figure 4-26 shows the 
geometry used for the Cousinsꞌ charts. It represents a single bench pile slope with a height of H, 
slope angle β and material parameters cꞌ, ϕꞌ, and γ. This geometry is similar to that of Case S1 
(Table 4-4). 
 
  
Figure 4-26: Slope geometry for Cousinsꞌ chart, adapted from Coduto (1999) 
 
One of Cousins charts is presented in Figure 4-27. It is valid for a homogenous soil, with the 
ground water table well below the toe of the slope (i.e. PWP = u = 0). The first step to apply this 
chart is to calculate the value of λcϕ from Equation 4-2. 
H 
c, ϕ, γ 
β 
R Center of rotation 
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Figure 4-27: One of Cousinsꞌs (1978) charts for failure analysis through the toe of slopes with 
zero pore water pressure (adapted from American Society of Civil Engineers)   
 
𝜆𝑐𝜙 =
𝛾𝐻 tan𝜙
𝑐
 [4-2] 
The value of Nf can be retrieved from the graph (Figure 4-27). The value of Nf gives the value of 
factor of safety:  
𝐹𝑆 = 𝑁𝑓 𝑁𝑠 [4-3] 
Where Ns = c / γH  
Case S1 is used to help validate the stability analyses performed above with the code and with the 
Cousinꞌs charts. The single bench pile height is 20 m and the deposition angle α = β = 37°. 
Different values of the internal friction angle ϕ' (= 30° to 50°) and cohesion cꞌ (= 0, 10, 25 and 50 
kPa) are considered.  
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The limiting value of FS determined for the single bench pile made of a homogeneous material 
without cohesion is given by FS = tanϕ'/tanα (for a planar slip surface, dry case; (Caldwell and 
Moss, 1981)).  
For cases with a non-zero cohesion (i.e. C = capp > 0 for the unsaturated cases), the results are 
obtained with the graphical (charts) solutions provided by Cousins (1978) (see also (Coduto, 
1999); these are presented in Figure 4-28 as Analytic results.  
For the numerical analysis, two different approaches are considered. The first approach, 
identified as Numerical with capp (see Figure 4-28), represents the situation when there is no 
cohesion (cꞌ = 0), and the initial negative pore water pressure represents capp. The second 
approach represents with the assumption that total cohesion is equal to the apparent cohesion plus 
effective cohesion (C = cꞌ + capp with cꞌ = 0), and there is no suction within the material 
(identified as Numerical with C).  
Figure 4-28 indicates that the results from these two different approaches are close to each other 
and also close to the values obtained with the Cousins (1978) charts. Hence, the results obtained 
with FE stress-based method give reasonable FS values (with the correct trends), confirming that 
this method is reliable.   
These results indicate that the factor of safety increases with both ϕ' and C (as expected). For 
example, for C = 10 kPa, when ϕ' increase from 35° to 45° the FS increases from 1.4 to 1.7. For 
ϕ' = 37°, the FS increases from 1.4 to 1.7 when C increases from 10 kPa to 25 kPa (more results 
are presented in Appendix A).  
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Figure 4-28: Factor of safety of a homogenous waste rock pile (Case S1, Table 4-4), for different 
ϕ' (= 30 to 50°) and C ( = capp = 0, 10, 25 and 50 kPa); obtained with SIGMA/W and SLOPE/W 
(FE stress-based method) compared with results from the Cousinsꞌ (1978) charts (for c > 0) and 
from the basic slope stability relationship (FS = tanϕ'/tanα, for c = 0)  
4.7.5 Relationship between FS and apparent cohesion  
It is sometimes convenient to express the factor of safety FS as a function of the dimensionless 
ratio c/Ht (or capp/H, in this case, Ht is the waste rock pile height over the ground) 
Different calculations were conducted (with SIGMA/W and then SLOPE/W) for the five main 
types of waste rock pile (Cases S1, S11, S21, S31, and S35; see Tables 4-4 and 4-5) to investigate 
the influence of ϕ' and capp. The ϕ' for waste rock material is assumed to vary from 30° to 37° to 
45°, and C = capp can be equal to 1, 5, 10, or 25 kPa (cꞌ value is zero). The foundation material is 
considered to be waste rock. The critical slip surfaces and their related factor of safety are 
obtained with the Optimized FE stress-based method.  
The results are shown in Figure 4-29 (a, b, c, d, and e). They indicate that for a given ratio 
capp/H, increasing the value of ϕ' raises the factor of safety of the waste rock piles. Also, as 
expected, a larger apparent cohesion enhances the value of FS. For instance, it is seen in Figure 
4-29 (a) that for Case S1 with capp /H= 0.04, FS increases from 1.1 to 1.4 to 1.7 when ϕ' goes 
from 30° to 37° to 45°, respectively. In Figure 4.29 (b), for Case S11 with ϕꞌ = 37°, increasing 
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capp/H from 0.012 to 0.025 to 0.065, increases FS from 1.2 to 1.3 to 1.6, respectively. The same 
trend is seen in Figures 4.29 (c) (Case S21), (d) (Case S31) and (e) (Case S35). For capp/H = 0.04 
it is seen for instance that the value of FS goes from 1.4 to 2 (Figure 4-29 c), 1.45 to 2.2 (Figure 
4-29 d) and 1.4 to 2.15 (Figure 4-29 e) when ϕꞌ increases from 30° to 45°.  
  
  
 
 
Figure 4-29: Relationship between the factor of safety FS and the dimensionless ratio capp/γHt, for 
waste rock piles with ϕꞌ = 30°, 37° and 45° and capp= 1, 5, 10 and 25 kPa; a) Case S1; b) Case S11 
; c) Case S21 ; d) Case S31; e) Case S35 (see Tables 4-4 and 4-5 for details) 
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Figure 4-30 illustrates the detailed results for the shear strength, mobilized stress state, normal 
stress and local FS along the critical slip surfaces obtained with FE stress- based method for Case 
S1 (with capp = 1, 5, 10 and 25 kPa). It is seen that the trends for shear strengths, shear stresses 
mobilized, and normal stresses distributions are similar for the different values of capp (for Case 
S1).  
The increase of capp results in an increase of the normal stress, shear strength and mobilized 
(induced) shear stress along the critical slip surface (Figure 4-30 (a), (b) and (c) respectively). 
Figure 4-30 (d) show the local factor of safety (for each slice) along the slip surface.  
It indicates that a lower capp results in a lower factor of safety for most slices; for instance, the 
local FS for slices 8 to 30 is smaller or close to 1 for capp=1 kPa, while it is close to 1.5 for capp= 
25 kPa.   
  
  
Figure 4-30: Distribution a) shear strength; b) mobilized stress state; c) normal stress; d) local FS;  
along the critical slip surface, Case S1, capp (= 1, 5, 10 and 25 kPa); results obtained with 
Optimized FE stress-based method 
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Figure 4-31 shows the changes of the global FS with the dimensionless ratio capp/H, for the five 
main types of waste rock pile (Cases S2, S12, S22, S32, and S36). These calculations were 
conducted with SIGMA/W and then SLOPE/W with Optimized FE stress-based method to 
investigate the influence of ϕ' and capp on the critical global slip surface obtained (see Figure 4-31 
(f)).  
The results shown in Figure 4-31 (from a to e) indicate, for a given ratio capp/H, the factor of 
safety increases with ϕ'. As expected, a larger apparent cohesion also increases FS. For example, 
in Figure 4-31 (a) for Case S2 with capp /H= 0.032, FS increases from 1.5 to 2.4 when ϕ' 
increases from 30° to 45°. In Figure 4-31 (b), when capp/H increases from 0.006 to 0.03, FS 
increases from 1.6 to 1.8 for Case S21 with ϕꞌ = 37°.  
This same trend is observed in Figures 4-31 (c) (Case S22), (d) (Case S32) and (e) (Case S36). 
For capp/H = 0.04, the value of FS changes from 1.4 to 2 (Figures 4-31c), 1.45 to 2.2 (Figures 4-
31d) and 1.4 to 2.15 (Figures 4-31e) when ϕꞌ increases from 30° to 45°.  
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Figure 4-31: Relationship between the factor of safety FS and the dimensionless ratio capp/γHt, for 
waste rock piles with ϕꞌ = 30°, 37° and 45°; capp= 1, 5, 10 and 25 kPa; a) Case S2; b) Case S12; c) 
Case S22; d) Case S32; e) Case S36; f) typical global slip surface obtained with Optimized FE 
stress-based method 
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4.7.6 Relationship between FS and height of the pile Ht 
The height of the pile Ht can affect the factor of safety FS. Calculations were conducted with 
various geometries for Group 1 (Cases S1 to S4, Ht = 20 m to 120 m), Group 2 (Cases S11 to 
S14, Ht = 20 m to 120 m), Group 3 (Cases S15 to S17, Ht = 40 m to 120 m), Group 4 (Cases S21 
to S24, Ht = 20 m to 120 m), Group 5 (Cases S25 to S27, Ht = 40 m to 120 m) and Group 6 
(Cases S31 to S34, Ht = 20 m to 120 m) (see Tables 4-4 and 4-5 for more details). The local slope 
angle β = 37°, ϕ' = 37°, different capp (= 1, 5, 10 and 25 kPa) have been considered.  
Figure 4-32 (a) illustrates the results obtained for a homogeneous pile with a single bench (Cases 
S1 to S4). These results indicate that a larger height results in a lower factor of safety for a given 
cohesion capp. For a given height, a higher cohesion provides a larger factor of safety, the effect of 
height on FS appear to be more pronounced for larger capp values.  
Similar observations can be made for piles with two benches (Figure 4-32 (b), for Cases S11 to 
S14. A higher pile results in a lower factor of safety. For a given height, a larger apparent 
cohesion results in an increased FS. As an example, for capp= 25 kPa, FS decreases from 2.1 to 
1.5 when the height of pile increases from 20 m to 120 m.  
Figure 4-32 (c, d, e, and f) present results obtained for the waste rock piles with two benches and 
compacted layers, two benches and compacted layers with 1% inclination, three benches and 
three benches with compacted layer respectively. The same patterns are observed for all these 
cases, indicating that regardless of the geometry, increasing the pile height results in decreasing 
FS. However, this effect seems more pronounced at lower values of Ht.  
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Figure 4-32: Relationship between the factor of safety FS and pile height Ht; a) Group 1(Cases S1 
to S4, Ht = 20 m to 120 m); b) Group 2 (Cases S11 to S14, Ht = 20 m to 120 m); c) Group 4 
(Cases S21 to S24, Ht = 20 m to 120 m); d) Group 6 (Cases S31 to S34, Ht = 20 m to 120 m); e) 
Group 3 (Cases S15 to S17, Ht = 40 m to 120 m); f) Group 5 (Cases S25 to S27, Ht = 40 m to 120 
m); ϕꞌ = 37° and capp = 1, 5, 10 and 25 kPa 
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4.7.7 Relationship between FS and global slope angle ɑ 
The effect of the overall slope angle (α, see Table 4-4) on the factor of safety FS was investigated 
for waste rock piles with one, two and three benches, for various values of capp (=1, 5, 10 and 25 
kPa) (with   = ϕ' = 37°) (Figure 4-33 d). Cases S2, S5, and S6, are considered as a base case, 
with α = β = 37°, 26°, and 30° respectively. Cases S1, S11 and S18, are considered to check the 
variation α (from 26° to 37°) for two bench waste rock and Cases S3, S16 and S19 are 
represented to evaluate the effect of α on three bench pile. Figure 4-33 (a, b and c) shows the 
effect of the global angle α and C (= capp) on the factor of safety for these piles.  More 
specifically, Figure 4-33 (a) shows that when capp increases from 1kPa to 25 kPa, FS increases 
from 1.2 to 2.2 (for ɑ=30°). For capp = 25 kPa, FS decreases from 1.7 to 1.48 when α increases 
from 26° to 37°. Figure 4-33 (b) shows that for capp=25 kPa the FS decrease from 1.8 to 1.4 when 
the global slope increase from 26° to 37°.  
  
 
 
 
Figure 4-33: Relationship between FS and the global slope angle ɑ (= 26, 30 and 37°) obtained 
with Optimized FE stress-based method; capp = 1, 5, 10 and 25 kPa, ( = 37°), a) H= 20 m, (Cases 
S1, S11, S18); b) H=80 m, (Cases S3, S16, S19,); c) H=40 m, (Cases S2, S5, S6); capp = 1, 5, 10 
and 25 kPa; d) Typical two bench waste rock pile with local (β) and global (α) slope angle.  
α , global angle  
β , local angle  
(d)  
124 
 
 
4.7.8 Relationship between FS, global slope (α) and number of benches  
The effect of changing the number of benches in a waste rock pile was also investigated. For this 
purpose, three different Groups are considered. Group 1 (Cases S2 to S4, Ht = 40 m to 120 m) 
represents single bench pile; Group 2 (Cases S12 to S14, Ht = 40 m to 120 m) represents two 
bench piles, and Group 3 (Cases S15 to S17, Ht = 40 m to 120 m) represents three bench waste 
rock piles (ϕꞌ = 37° and capp = 5, 10 and 25 kPa).  
Cases from Group 1 have α = β = 37°. When benches are added (Group 2 and 3), the local slope 
remains at 37° (=β), but the global slope is changed to 26° (= α).   
Figure 4-34 indicate that the factor of safety is larger for the two- and three-bench piles (Groups 2 
and 3) compared with the single-bench (Group 1), for a given pile height. This increase is largely 
related to the lower global slope angle  (in Group 2 and 3 (α = 26°).  
It is also observed that FS for Group 3 is larger than Group 2; this reflects the effect of the 
number of benches (3 versus 2, with α = 26° for both Groups). These results confirm the expected 
tendencies and also provide a quantitative evaluation of influence such factors.  
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Figure 4-34: Relationship between the factor of safety FS and the number of benches, (α = 26°, β 
= 37°) ; Group 1 (Cases S2 to S4), Group 2 (Cases S12 to S14) and Group 3 (Cases S15 to S17); 
a) capp = 5 kPa; b) capp= 10 kPa; c) capp = 25 kPa 
 
4.7.9 Effect of compacted layers on FS  
It is recalled from section 2-1-2 that due to the method of construction, the internal geometry of a 
pile may include horizontal (or inclined) layers (e.g.(Aubertin et al., 2002b). In this section, the 
potential effect of these layers on the waste rock pile stability is investigated. The properties of 
these layers are given in section 4-3; the thickness is 1 m.  
Horizontal layers 
Figure 4-35 presents the result obtained with FE stress-based method. It shows the values of the 
factor of safety in Group 2 (Cases S11 to S14, pile with two benches) and Group 4 (Cases S21 to 
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S24, pile with two benches and two compacted layers), with ϕꞌ = 37° and capp = 0 and 1 kPa (see 
Tables 4-1 and 4-3 for material properties).  
Figure 4-35 (a) and (c) show FS for local slip surfaces. The addition of compacted layers 
increases FS slightly, especially for smaller piles. In larger piles, the effect of these layers is not 
significant (depending on the number of compacted layers). 
A similar trend is observed in Figure 4-35 (b) and (d) for the global critical slip surfaces (that 
pass through the crest and toe). The addition of compacted layer increases FS slightly. This 
increase is more pronounced for smaller piles (when the layers are closer to each other, and their 
relative thickness is larger).  
 
  
  
Figure 4-35: Relationship between FS and addition of compacted layers; Groups 2 (Cases S11 to 
S14, Ht = 20 m to 120 m) and Group 4 (Cases S21 to S24, Ht = 20 m to 120 m), ϕꞌ = 37°; a) local 
critical surface, capp = 0, b) global critical surface, capp= 0; c) local critical surface capp=1 kPa; d) 
global critical surface, capp= 1 kPa 
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Figure 4-36 presents the results obtained with FE stress-based method. It shows the comparison 
of a factor of safety FS for Group 3 (Cases S15 to S17, pile with three benches, Ht = 40 m to 120 
m) and Group 5 (Cases S25 to S27, pile with three benches and three compacted waste rock 
layer, with ϕꞌ = 37° (waste rock) and 45° (compacted waste rock) and capp = 0 and 1 kPa). Figure 
4-36 (a) and (b) show FS for global slip surfaces (passing through the crest and toe) and indicate 
adding compacted layers tend to increase the global FS slightly, especially for smaller piles. For 
larger piles (e.g. H=80 m, 120 m), the effect is not significant 
 
  
  
Figure 4-36: Relationship between FS, height and compacted layers obtained with FE stress-
based method; Group 3 (Cases S15 to S17, Ht = 40 m to 120 m) and Group 5 (Cases S25 to S27, 
Ht = 40 m to 120 m), ϕꞌ = 37° (waste rock) and 45° (compacted waste rock); a) local slip surface, 
capp= 0, b) global slip surface capp= 0, c) local slip surface, capp= 1 kPa; d) global slip surface, 
capp= 1 kPa 
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Inclined compacted layers  
Figure 4-37 presents FS obtained with FE stress-based method for relatively deep critical slip 
surface for Groups 4 (horizontally compacted layers), 6 and 7 (1% and 5% inclined compacted 
layers towards the outside of the pile).  Figure 4-37 (a) and (c) presents FS for local slip surface 
with capp = 0 and 1 kPa (respectively). It shows that the local FS is lower for Group 7 (5% 
inclination) in all cases.  Figure 4-37 (b) and (d) shows the FS for global slip surface with capp = 0 
and 1 kPa (respectively). It shows that the global FS is higher for Group 7 (5% inclination) for 
both cases which is more significant for smaller piles (e.g. H = 20 m). It also indicates that 
increasing capp results in an increase of FS (see Figure 4-37 (a) and (c)).  
  
  
Figure 4-37: Relationship between FS, height and inclined compacted layers obtained with FE 
stress-based method; Group 4 (Cases S11 to S14, Ht = 20 m to 120 m), Group 6 (Cases S31 to 
S34, Ht = 20 m to 120 m) and Group 7 (Cases S35 to S38, Ht = 20 m to 120 m), ϕꞌ = 37° (waste 
rock) and 45° (compacted waste rock); a) local critical surface capp=0, b) global critical surface 
capp=0; c) local critical surface capp=1 kPa; d) global critical surface capp= 1 kPa 
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It should be recalled that the compacted layers (with lower hydraulic conductivity) in a pile 
(horizontal or inclined) may cause the diversion of water to the outside of the pile. This 
phenomenon is studied in the next Chapter. 
 
 Effect of horizontal and alternated layers (parallel to the slope)  
Figure 4-38 presents the results related to Group 4 (Cases S21 to S24, Ht = 20 m to 120 m) and 
Group 8 (Cases S41 to S44, Ht = 20 m to 120 m). Figure 4-38 (a) and (c) shows FS of the local 
critical slip surfaces. It shows Group 8 gives higher FS compared to Group 4 (for both capp= 0 and 
1 kPa) due to the existence of alternate layers parallel to the external slope (with a higher value of 
ϕꞌ for half of these parallel layers).   
Figure 4-38 (b) and (d) presents the global slip surface and related FS. For both capp= 0 and 1 kPa, 
cases from Group 8 lead to higher FS, in the presence of alternate layers parallel to the external 
slope; this effect is more pronounced for smaller piles.  
It can be concluded that having both horizontal layers and layers parallel to external slope affects 
the factor of safety; this effect can be more pronounced compared to cases when there are only 
horizontal compacted layers.  
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Figure 4-38: Effect of addition of alternate layers parallel to external slope on FS for piles from 
Group 4 (Cases S21 to S24, Ht = 20 m to 120 m) and Group 8 (Cases S41 to S44, Ht = 20 m to 
120 m), ϕꞌ = 37° (loose) and 45° ( compacted waste rock), α = 26°, β = 37°; a) local FS with capp= 
0 b) global FS with capp= 0; c) local FS with capp= 1 and d) global FS with capp= 1; e) Typical 
local slip surface for Group 8 (with slices); f) Typical global slip surface for Group 9 (with 
slices). 
 
(e) (f) 
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4.7.10 Effect of foundation material properties 
The geotechnical properties of the foundation material below the pile may also affect its stability. 
Analyses were conducted to investigate this factor explicitly. Four different Groups (Groups 1, 3, 
4 and 5 for Cases S1, S21, S31, and S35, see Table 4-4) are utilized to investigate this aspect.  
Analyses have been conducted for three foundation materials: waste rock, silty sand and silty clay 
(with capp = 0 and 1 kPa, in the pile and foundation). The internal friction angle for these 
particular materials is 37°, 30°, 20° for the waste rock, silty sand, and silty clay respectively. 
Cohesion (cꞌ) was also changed from 0 to 15 kPa to 60 kPa when the foundation material changed 
from waste rock to silty sand to silty clay.   
Figure 4-39 (a, b, c and d) illustrates the results for Groups 1, 3, 4 and 5 with the value of FS for 
the critical slip surface (not passing through the foundation) with the different foundation 
materials.  
The factor of safety FS is changing with the value of ϕꞌ and c of the foundation material. It seems 
that the effect of ϕꞌ is more pronounced on the stability of waste rock pile. In all cases presented 
here, the FS is highest when the foundation material is the waste rock, and the silty clay 
foundation usually results in the lowest factor of safety. It is also seen that the difference between 
FS due to different foundations properties is more pronounced for higher piles (e.g. H=80 and 
120 m). 
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Figure 4-39: Relationship between FS and the properties of the foundation material (c and ϕꞌ, 
waste rock, silty sand and silty clay), Groups 1, 3, 4 and 5 (Cases S1, S21, S31, and S35); a) 
Group 1(capp = 1 kPa); b) Group 3 (capp = 0); c) Group 4 (capp = 0); d) Group 5 (capp = 0)  
4.7.11 Effect of pile height and apparent cohesion and slope of slip surface  
As shown above, the factor of safety and its related slip surface can be affected by different 
parameters, including total pile height and the value of capp. Table 4-9 presents the form and 
location of the critical slip surface (with minimum depth of 1 m) for Group 1 (Cases S1 to S4, Ht 
= 20 m to 120 m) for different capp (= 1, 5, 10 and 25 kPa).  For Case S1 (single bench, α = β = 
37°), it is seen that by increasing capp, the critical slip surface becomes deeper, moving towards 
the toe, while the value of FS increases (obtained with FE stress-based method). The same trend 
is also observed for Cases S2, S3, and S4. For a constant value of capp increasing the pile height 
results in a decrease of FS. As an example for capp = 25 kPa when the pile height increases from 
20 m to 120 m, the FS decreases from 1.781 to 1.336.   
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Table 4-9: Effect of pile height H (m) and value of cohesion C = capp (kPa) on FS and the position of the critical slip surface 
with minimum depth of 1 m (for the deepest slice) 
capp 
(kPa) 
H=20 m (Case S1) H=40 m (Case S2) H=80 m (Case S3) H=120 m (Case S4) 
1 
    
5 
    
10 
    
25 
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4.7.12  Effect of variable internal friction angle ϕꞌ in the waste rock pile 
As mentioned in section 2-4, slope stability analyses carried out on waste rock piles assume a 
uniform friction angle for the entire waste rock pile, with a value of φꞌ close to its angle of repose 
(φ = β =37°). This assumption may not present the actual situation, and it cannot explain deep-
seated failure mechanisms. This assumption is an oversimplification of the material strength 
distribution because of various data’s show that there is a relation between the internal frictions 
angle, density and normal stress (e.g. (Marsal, 1967; Leps, 1970; Barton and Kjaernsli, 1981).  
Leps (1970) has classified rockfill into three groups base on material density, particle strength 
and gradation: Weak (low-density, poorly graded), Average, and Strong (high density, well 
graded). Such types of results indicate that considering a single value of ϕꞌ may not represent the 
value of FS for waste rock piles where the density and stresses may vary significantly (see Figure 
2-7).   
This aspect was assessed based on a typical waste rock with a conservative value of the rock UCS 
(of 70 kPa) labeled as strong. The standard construction methods i.e. end or push dumping (see 
section 2-2-1), suggest the formation of a poorly graded structure with relatively low density. 
Hence, it was assumed that the function relating the friction angle to the normal stress would fall 
in the region of “weak” to “average” rockfill.  
Barton (1981) proposed an empirical relationship to estimate the peak friction angle φ' of rockfill 
based. Equation 4-3 gives the friction angle of rockfill based on the uniaxial compressive strength 
of the rock, the mean particle size d50, the particle roundness and material porosity. The 
Roughness R and equivalent strength S is also required (see Figure 2-6).   
The peak drained friction angle ϕꞌ (°) can be calculated from the following Equation (Barton, 
1981) (with R: roughness and S: equivalent stress). 
 ϕ′ = R. log (
S
σn′
) + ϕb [4-3] 
The value of R can be retrieved from Figure 2-7. For example, for waste rock with a porosity of 
35% (typical porosity of waste rock pile is between 30 % and 50 % (Morin et al., 1991; Aubertin 
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et al., 2002b; Hernandez, 2007) and a degree of roughness as “Talus”, a value of 5 to 6 is 
obtained for R (as indicated in the figure). 
The effect of variable ϕꞌ on the FS value was studied here using additional simulations conducted 
for Group 1 (Cases S1 to S4), Group 2 (Cases S11 to S14) and Group 3 (Cases S15 to S17).  The 
foundation material is a waste rock for all the cases, with capp = 0 kPa for the waste rock.  
Internal friction angle (ϕ') is determined for different values of σn based on the contour plot of the 
vertical normal stresses obtained with SIGMA/W, using equation 4-3 with the ϕb = 25°, d50 = 10 
mm, UCS=70 kPa ( it should be noted that density and strength could increase with depth for 
very strong rocks; this aspect is not considered here). 
Some detailed results are first presented for Group 2, Case S11. Figure 4-40 (a) shows the normal 
stresses distribution in the pile. For each stress contour, the relevant value of ϕꞌ is calculated from 
equation 4-3. The contour values of ϕꞌ are shown in Figure 4-40 (b).  
In this case, the normal stresses increase from 0 to 450 kPa (from the surface to the base, Figure 
4-40 (a); the value of ϕꞌ, which controls the shear strength of waste rock under effective stresses, 
decreases from 37.2° near the surface to 33.7° at depth.  
Figures 4-40 (c) and (d) present a local and a global slip surface for Case S11. It is seen that the 
local slip surface pass through the layer with ϕꞌ = 37.2°; global slip surface pass through two 
layers with ϕꞌ = 37.2° and 33.7°.  
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Figure 4-40: a) distribution of normal stresses (obtained with SIGMA/W), Case S11 (with capp = 
0 kPa), b) distribution of variable ϕꞌ, c) factor of safety (1.316) and center of rotation for the local 
slip surface; d) factor of safety (1.522) and center of rotation for the global slip surface 
 
Figure 4-41 presents the shear strength (a), shear mobilized (b) and effective normal stress (c) 
distribution along the global slip surface (see Figure 4-40 d), for Case S11 with variable and 
constant ϕꞌ (= 37°). The distribution pattern is similar for variable and constant ϕꞌ with higher 
values of shear strength for the variable ϕꞌ scenario.  
Figure 4-41 (d) presents the local FS for each slice along the slip surface. The trend of FS 
distribution is close for both scenarios with higher FS for some slices in the case with constant ϕꞌ.  
 
Φ = 37.2º 
Φ = 35.7º 
Φ = 34.2º 
Φ = 33.7º 
Φ = 35º 
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Figure 4-41: Distribution a) shear strength, b) shear mobilized, c) normal stress, d) local FS,  
along the surface for waste rock pile with capp =0, Case S11, with variable ϕꞌ (37.2° and 33.7°) 
and constant ϕꞌ = 37°, for global slip surface obtained with SLOPE/W 
 
Figure 4-42 (b) presents the ϕꞌ distribution for Case S12, based on the normal stress distribution 
(Figure 4-42 (a)). In this case, the normal stress increases from 0 to 950 kPa (from the surface to 
base); the ϕꞌ value decreases from 37.2° to 32°, due to crushing and rounding of particles.   
Figure 4-42 (c) and (d) present the local and global critical slip surface and the corresponding FS 
and the location of the center of rotation.  
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Figure 4-42: a) distribution of normal stress (obtained with SIGMA/W), Case S12 (with capp = 0 
kPa; b) distribution of variable ϕꞌ; c) factor of safety (1.156) and center of rotation for the local 
slip surface; d) factor of safety (1.407) and center of rotation for the global slip surface 
 
Figure 4-43 presents the shear strength (a), shear mobilized (b) and effective normal stress (c) 
distribution along the global slip surface (see Figure 4-42 (d)) along the slip surface for Case S12 
with variable and constant ϕꞌ (= 37°). The shear strength, shear mobilized and effective normal 
stresses are identical for slices 1 to 10 for both single and variable ϕꞌ. In Figure 4-43 (d) the slip 
surface passes first layer (ϕꞌ = 37.2° for slice 1 to 10) in the upper bench that may explain the 
similarity between properties of slip surface slices.  
The shear strength presents slightly higher value for single ϕꞌ in slices 20 to 30) (slip surface 
enters layer with ϕꞌ = 35.7° in these slices). The same trend is seen for effective normal stress and 
an inverse trend for shear mobilized distributions.  
Φ = 37.2º 
Φ = 35.7º 
Φ = 33º 
Φ = 34º 
Φ = 32º 
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Figure 4-43 (d) presents the local FS for each slice along the slip surface. The trend for the FS 
distribution is close for both scenarios with higher FS for some slices in the case with constant ϕꞌ.  
  
 
 
Figure 4-43: Distribution a) shear strength; b) shear mobilized; c) normal stress; d) local FS,  
along the global slip surface, capp = 0, Case S12, variable ϕꞌ (37.2° to 32°) and constant ϕꞌ = 37°, 
obtained with SLOPE/W 
 
Figure 4-44 presents the values of FS obtained with analyses conducted on the various cases for 
Groups 1, 2 and 3 for both variable and constant ϕꞌ. Figures 4-44 (a), (b) and (c) show that a 
variable ϕꞌ usually results in a reduction of local and global FS for both Groups, 1 and 2. Figure 
4-44 (d) and (e) indicates the same pattern for local and global FS of Group 3. The percentage of 
reduction for the factor of safety depends on the depth of the slip surface. For deeper slip surfaces 
(which pass more layers with lower ϕꞌ) this reduction of FS appears to be more pronounced.  
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Figure 4-44: Variation of factor of safety due to variation of ϕꞌ, a) Group 1 (Cases S1 to S4, Ht = 
20 m to 120 m); b) Group 2 (Cases S11 to S14, Ht = 20 m to 120 m), local slip surface; c) Group 
2, global slip surface; d) Group 3 (Cases S15 to S17, Ht = 40 m to 120 m), local slip surface; e) 
Group 3, global slip surface, capp =0, single ϕꞌ = 37° and variable ϕꞌ between 37.2° to 32°) 
 
It should be noted that the apparent cohesion might change with an increase in the soil’s 
moisture, typically associated with rainfall. In the next chapter (Chap. 5), the impact of rainfall on 
the factor of safety and stability of the pile is being presented. The following chapter (Chap. 6) 
will also include analyses with statistically distributed material properties.   
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CHAPTER 5 STABILITY ANALYSIS OF WASTE ROCK PILES 
UNDER STEADY-STATE AND TRANSIENT FLOW CONDITIONS 
5.1 Introduction   
The effect of rainfall infiltration on the behavior of slopes of coarse-grained materials (such as 
waste rock) has not been investigated much. There have nonetheless been several investigations 
dealing with unsaturated water flow in waste rock piles (Aubertin et al., 2002b; Fala, 2002; Fala 
et al., 2005; Fala et al., 2006; Fala, 2008; Fala et al., 2008; Dawood and Aubertin, 2009; Dawood 
and Aubertin, 2012). The effect of precipitation and infiltration on slopes made of relatively fine-
grained soils has also been studied (Ng and Shi, 1998; Collins and Znidarcic, 2004; Casagli et al., 
2006; Rahimi et al., 2010; Bordoni et al., 2015; Acharya et al., 2016; Regmi and Jung, 2016).  
This chapter presents the procedure developed and applied here to investigate the effect of 
moderate and relatively heavy rainfalls on the stability of waste rock piles. The goal is to 
determine how infiltration affects the pore water pressures in the piles and the slope stability.  
Numerical calculations were used to study the stability of waste rock piles under a rainfall of 
different intensity and duration. A coupled approach was used to evaluate the minimum factor of 
safety and the corresponding critical slip surface based on the (total and effective) stresses 
distributions obtained with numerical simulations (using the general approach described in 
section 3-2). The simulations were also used to investigate the effect of internal geometry, 
hydraulic properties, initial pore water pressures, in addition to rainfall intensity and duration, on 
the minimum factor of safety.  
5.2 Methodology 
Pore water pressures (PWP) are not constant over time within a waste rock pile. These may 
change due to environmental conditions. This affects the suction and related apparent cohesion of 
the waste rock, which in turn influence the slope stability of the unsaturated pile. For example, a 
heavy rainfall may increase the degree of saturation in the waste rock pile, leading to a reduction 
of the apparent cohesion, whereas a more moderate rainfall may affect the apparent cohesion 
differently or in some parts only.   
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The initial pore water pressures, the rainfall intensity and hydraulic (hydrogeological) properties 
of the materials (water retention and hydraulic conductivity) are the main characteristics that 
affect the amount of infiltration and the water flow into the pile (Fredlund, 1984, 1989; Fredlund, 
1995).  
Numerical modeling can be used to determine the suction (negative PWP) distribution and its 
evolution due to infiltration. Due to the complexity of the process, it is preferable to use a 
coupled calculation approach. PWP and the stress distributions were calculated separately then 
combined to evaluate the effect on the factor of safety. These analyses are based on the finite 
element method.  
The evaluation procedure, illustrated schematically in Figure 5-1, started with an estimate of the 
in situ stress state before the rainfall. The analysis using SIGMA/W gave the initial (equilibrium) 
stresses in the pile based on gravity (step 1). SEEP/W (step 2) was then used to solve the flow 
equations and evaluate the effects of rainfall (duration and intensity) and initial pore water 
pressure conditions. The resulting PWP were transferred to SIGMA/W to calculate the stresses 
(and strains, not shown here) over time (step 3). The shear stresses are also assessed to calculate 
the minimum factor of safety with SLOPE/W (step 4). Additional details on the calculation 
procedure are given in section 3-3 (Krahn, 2007b, 2007c, 2007d).   
 
Figure 5-1: Steps used to conduct the simulation process for slope analysis of the waste rock piles 
based on Krahn (2007 b, c, d) 
 
 
SIGMA(W) (1) SEEP/W (2) SIGMA/W (3) SLOPE/W (4)
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Ponding on the ground surface was not allowed, and the simulations did not permit pore water 
pressure development above 0 kPa; thus, excess water that didn’t infiltrate was assumed to be 
(non infiltrating) runoff (which doesn’t contribute to the recharge)  
The results, which include pore water pressure distributions during and after rainfall and the 
associated factors of safety for slope stability, are presented below. These results among other 
findings indicate that in some cases the factor of safety FS may not reach its minimum value 
during or immediately after the end of rainfall because water continues to seep downwards. This 
minimum factor of safety may be achieved sometime after the rainfall stops. 
5.3 Geometry, boundary conditions, and material properties 
Cases from Groups 2, 4, 7, 8 and 9 are considered for the numerical stability analyses (see Tables 
4-4 and 4-5); specific details about the simulated cases are presented below. The simulated piles 
included coarse and fine waste rock materials and a silty sand or silty clay foundation material. 
The hydraulic and geotechnical properties of these materials are given in Tables 4-1 and 4-3 and 
Figures 4-1 and 4-2.   
The mesh configuration for these simulations is presented and discussed in Section 3-3-1. A 
mesh sensitivity analysis presented in Appendix B-1 showed that an unstructured mesh 
configuration leads to better results.  The element size (for those located along the slope surface) 
close to the waste rock AEV (about 12 cm) are used it gives acceptable results.  
Boundary and initial conditions 
The boundary conditions defined in SEEP/W and SIGMA/W include the stresses and 
displacements, and hydraulic conditions.  
A relatively deep initial water table is imposed for transient and steady-state simulations with 
SIGMA/W; it is located seven meters below the ground (i.e. below the base of the waste rock 
pile) for step 1.  For the following calculations with SEEP/W, SIGMA/W and SLOPE/W (step 2, 
3 and 4), this boundary condition (location water table) is implemented as an input (from step 1). 
Figure 5-2 illustrates two different cases (Cases S1 and S21) with this water table located 7 m 
below the ground.  A free drainage condition was applied at the right side of the waste rock pile 
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model, in the foundation, to prevent a rise of the water table; the position of the water table is 
thus maintained constant at this location in the calculations.  
 
 
Figure 5-2: Model used with SIGMA/W, water table position (-7 m from the base) (step 1) for 
different cases of waste rock piles (Case S1 on the right, S21 on the left; details in Tables 4-4 and 
4-5),  
 
Figure 5-3 shows a typical initial pore water pressure distribution and the vertical profile imposed 
within the silty sand foundation. Below the phreatic surface (horizon of zero pore pressure), the 
pore pressure is positive and increases hydrostatically with depth; above it, the water pressure is 
negative due to capillary action. This negative pore water pressure increases uniformly from the 
groundwater level up to the top of the capillary zone, initially entered into the simulations using 
SEEP/W and SIGMA/W; considering the assumed maximum suction in the foundation. The 
negative pore pressures increased the effective stresses and thus the shear strength increasing 
stability.  
During infiltration, the volumetric water content may increase as water accumulates at specific 
locations such as just above the interface between two materials (i.e. waste rock and silty sand).  
In the latter case, water may accumulate until the local suction approaches the WEV of the lower 
material, which corresponds (on the water retention curve) to the suction at which water starts to 
penetrate significantly into the material on a wetting path, e.g. (Aubertin et al., 2009).  
In these simulations, the residual water content θr (and the corresponding residual suction Ψr) was 
used to establish the maximum initial suction within the foundation; for the silty sand soil, the 
residual suction is around 50 kPa (≈ Ψr = WEV).  
Drainage 
= -7 m 
Drainage point 
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Figure 5-3 shows that the suction value reaches a maximum of 50 kPa below the ground. It then 
decreases near the interface between the foundation and waste rock pile until it reaches the initial 
suction imposed within the waste rock pile (around 1.2 kPa).  
 
 
 
Figure 5-3: Pore water pressure distribution in the silty sand foundation (Case S1) before the 
rainfall; isocontours on the left and distribution along Line A on the right   
As was mentioned in Section 4-6, the selected capp is related to a specific suction which is 
imposed in the pile  (above the ground surface); here, this suction corresponds to the WEV of the 
waste rock (Ψr ≈ 1.2 kPa). The level of the initial water table and negative pore water pressures 
were defined in SIGMA/W as in situ conditions.  
Rainfall  
Surface infiltration corresponded to the recharge, i.e. the portion of rainfall or snowmelt that 
enters the waste rock pile by downward flow through the surface. During infiltration, changes 
may occur in water content, PWP, and strength within a pile (including its slope).  
SEEP/W boundary condition was applied to the pile (with the option potential seepage face 
review) and foundation surface with a unit flux (q) having a constant rate (m/s or cm/s); the no 
ponding option was used with constant rainfall intensity. Figure 5-4 shows a typical waste rock 
pile (Case S11) under a constant rainfall boundary condition; i.e. recharge q (m/s).  
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Figure 5-4: Infiltration boundary condition with a constant rate (m/s) applied on the waste rock 
pile and foundation (presented with SEEP/W) 
The mechanical boundary conditions for the analysis with SIGMA/W are presented in section 4-5 
and Figures 5-2 and 5-3. These boundary conditions block the movement in the horizontal 
direction along the two sides of the model and the x and y directions at the base. These boundary 
conditions were imposed for all the simulations.  
5.4 Rainfall intensity and duration  
Natural rainfall patterns have a high uncertainty and can be highly variable. Their introduction of 
engineering analyses is generally based on probabilistic forecasts. One of the parameters often 
used in the design of dams and dikes, spillways and reservoirs is the Probable Maximum 
Precipitation (PMP), established statistically for a given length of time such as 6 or 24 hours 
(section 2-4-2-1). Other conditions considered are often associated with a specific a return period 
(such as 100 or 1000 years) or a fraction of the PMP, for a specific duration (Aubertin et al., 
2002a).  
Although there is no steady-state condition in reality, such a condition is useful to assess a model 
response under a long period of rain (or to consider an average condition during an extended 
period). Performing a transient analysis with constant conditions over a long period can lead to 
similar results as a steady-state analysis. To avoid the additional difficulties in simulating a 
steady-state condition for the infiiltration within a waste rock pile, two transient conditions (i.e. 
pseudo steady-state) were applied for an extended period (365 days), with a relatively low 
q (m/s) 
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intensity of 3.16×10-9 m/s (total 10 cm) and 1.17×10-8 m/s (total 37 cm), which would be fairly 
close to a typical rainfall in the eastern region of the province of Québec. Other transient analyses 
were also conducted for shorter periods. 
Simulations were carried out to assess how infiltration varies over time on the applied rainfall 
and initial PWP distribution for these transient analyses. The focus was mainly placed on short-
duration rainfall events (less than or equal to 24 hours) with relatively high intensities because 
these are considered the most critical for slope stability of coarse grained materials (see section 2-
4-2). For the first set of the scenarios (Cases S11, S21, S35, S41 and S51), five rainfall total value 
considered a duration of 24 hrs: 5 cm and 10 cm (low intensity); 15 cm (moderate intensity); 30 
cm and 37 cm (high intensity), close to the PMP (Aubertin et al., 2011).  
The second set of scenarios (Cases S11, S21, S35, S41, and S51) simulates the effect of rainfall 
duration on the slope stability of waste rock pile considering a constant amount of rainfall (15 
cm) for three different durations (t): 6, 12 and 24 hours.  
The characteristics of the precipitation events with different total rainfall amounts and their 
respective durations are given in Table 5-1.  
Table 5-1: Different rainfalls imposed in this study (duration and intensity) 
Rainfall  Duration 
Total (cm) 
6 hrs 12 hrs 24 hrs (1st set) 365 days 
Transient  Pseudo steady- state 
5 - - 
5.78 ×10-7 m/s 
(0.05 m/day) 
(R1) 
- 
10 - - 
1.157×10-6 m/s 
(0.1 m/day) 
(R2-1) 
3.16×10-9 m/s 
(2.7×10-4 m/day) 
(R2-2) 
15 
(2nd set) 
6.94×10-6 m/s 
(0.6 m/day) 
(R3-1) 
3.47×10-6 m/s 
(0.3 m/day) 
(R3-2) 
1.736×10-6 m/s 
(0.15 m/day) 
(R3-3) 
- 
30 - - 
3.47×10-6 m/s 
(0.3 m/day) 
(R4) 
- 
37 - - 
4.28×10-6 m/s 
(0.37 m/day) 
(R5-1) 
1.17×10-8 m/s 
(0.001 m/day) 
(R5-2) 
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The results presented here mainly focus on the time during and immediately after the rainfall, 
which was followed by two days without precipitation (for transient analyses).   
5.5 Slip surface specifications 
The shape of a sliding plane mainly depends on the material properties, moisture content and 
pore water pressure, and geometry of the slope.   
In the analyses presented below, the trial slip surfaces were assumed to be circular. Two types of 
sliding surfaces are considered; i.e. a local slip surface related to one bench and a global slip 
surface covering two benches (the surface enters along the crest and exit at the toe of the pile, see 
Figure 5-5). The slip surfaces are relatively deep; shallow slip surfaces were not considered as 
they may not lead to a significant failure (or impact). They were defined to meet a minimum 
specific depth for at least one slice along the slip surface; for local (one bench) and global (two 
benches) slip surfaces, the specific slip surface depth was assumed to be 3 m and 6 m 
respectively (see section 3-2-3). 
 
 
Figure 5-5: Typical slip surfaces exiting at the toe for Case S11 (see Table 4-4) with SLOPE/W; 
a) local slip surface (one bench, 3 m deep ); b) global slip surface (two benches, 6 m deep ) 
5.6 Results from SEEP/W for extended transient conditions 
Results from simulations conducted with SEEP/W are presented here, in relation with infiltration 
following a very long transient (pseudo steady-state) period. These results show an expansion of 
the wetting front with changes in volumetric water content, for different initial suctions and 
rainfall rates. The factors of safety of the piles are presented in section 5.7.  
Slice 
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Five different cases are analysed here (see Tables 4-4 and 4-5): S11 (two benches, homogenous 
waste rock), S21 (two benches with horizontally compacted layers), S35 (two benches with 5% 
inclined compacted layers), S41 (2 benches with horizontal compacted layers and alternate layers 
parallel to the slope) and S51 (two benches with 5% inclined compacted layers and alternate 
layers parallel to the slope); results related to single bench pile are presented in Appendix II. The 
pseudo steady-state analysis is simulated with an extended transient analysis (over a period of 
365 days) with a rainfall intensity, q of 3.16×10-9 m/s (2.7×10-4 m/d) applied on the crest slope 
and natural ground surface (see Figure 5-4).  
The materials included the coarse (pile body for all cases) and compacted fine waste rock layers 
(added for Cases S21, S35, S41, and S51). A silty sand foundation was used for all cases (see 
Table 4-3 and Figures 4-1 and 4-2 for materials properties). As stated above, the initial water 
table was fixed at -7 m below the ground surface (Figure 5-3); ponding over the surface is not 
allowed. 
5.6.1 Case S11   
Infiltration during and following rainfall tends to fill the pores of the waste rock from the surface 
downward and lateraly. The added moisture forms a wetting front that increases the pore water 
pressure (decrease suction) as it spread downward. Figure 5-6 illustrates the pore water pressure 
distributions in the waste rock pile at different times under the relatively low-intensity rainfall of 
3.16×10-9 m/s (2.7×10-4 m/d) (R 2-2) for Case S11 (Tables 4-4 and 4-5).   
Figure 5-6 (a) shows the initial pore water pressure distribution, which is uniform (constant) 
within the waste rock pile (PWP = -6 kPa). It is seen in Figure 5-6 (b) that the wetting front 
reduced the negative pore pressures after 90 days of rainfall, down to a depth of approximately 4 
meters (the suction was changed from 6 kPa to 5 kPa). As expected, the rainwater that infiltrated 
into the unsaturated zone increased the pore-water pressure (i.e. reduced suction).  
The rate of development of the wetting front depends on the initial conditions, material properties 
and rainfall intensity and duration– see section 5-7). Figure 5-6 (c) and (d) presents the wetting 
front after 180 and 270 days respectively for this extended recharge period. As the rainwater 
percolates down, the matric suction decreases at depth; the expansion of the wetting front 
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continues until the end of the simulation (365 days) (Figure 5-6 (e)). It is also seen that water 
moves and accumulates above the interface of the waste rock and foundation, where there is a 
progressive increase of the degree of saturation.  
 
 
 
 
 
 
 
Figure 5-6: Evolution of the pore water pressures (kPa) with the development of a wetting front, 
Case S11 under a constant rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R2-2, Table 5-1); a) before 
rainfall; b) after 90 days; c) after 180 days; d) after 270 days; e) after 365 days  
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Figure 5-7 (a to d) shows the changes of PWP along different lines over the year (i.e.  Lines A, B, 
C, and D, shown in Figure 5-7 (e)). The initial distribution of PWP within the foundation is same 
as in Figure 5-3. For the waste rock pile, the PWP has a constant value equal to the residual 
suction (-1.2 kPa).  
It is seen that the rainfall infiltrates differently into the waste rock pile from the surface along 
different lines (based partly on the effect of the PWP). For example, along line A, after 90 days of 
infiltration into the pile, the PWP change reaches a depth of 5 m after 365 days, it reaches a depth 
of 15 m (see Figure 5-7 (a)).  
Along line A (going to the top of the pile) Figure 5-7 (a) indicates that suction reaches 2 kPa at 
depth 3.5 m after 90 days. After 180 days, the suction at depth 7 m is 2 kPa; after 270 days,  
suction 2 kPa is obtained at a depth of 11 m, while at the end of 365 days, the suction equals 2 
kPa in depth 15 m. A similar pattern (with different rate and depth of infiltration) is obtained for 
other lines. For line D (shallow depth), the water infiltrates and it changes the suction over 90 
days and then stays constant afterward.  
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Figure 5-7: Evolution of the pore water pressures (kPa) under rainfall 3.16×10-9 m/s (2.7×10-4 
m/d , R 2-2), Case S11, after 90, 180, 270 and 365 days along; a) line A; b) line B; c) line C; d) 
line D; e) location of lines A, B, C, and D 
Figure 5-8 (a to d) displays the volumetric water content during the relatively low rainfall 
intensity of 3.16×10-9 m/s (2.7×10-4 m/d; R 2-2, Table 5-1, Case S11). The initial VWC is about 
0.05 within the waste rock pile. VWC changes (increase) due to infiltration. It follows the trend 
corresponding to the PWP distribution, with the change of VWC (wetting front) expanding inside 
the pile over time.  
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Figure 5-8: Evaluation of the volumetric water content distribution under rainfall 3.16×10-9 m/s 
(2.7×10-4 m/d, R 2-2), Case S11 with initial VWC ≈ 0.05; a) after 90 days; b) after 180 days; c) 
after 270 days; d) after 365 days  
Comparing Figure 5-7 and 5-8 indicate that the PWP is more sensitive to the infiltration than the 
VWC.  
Figure 5-9 shows the evolution of the VWC along lines A, B, C, and D (see Figure 5-7e). It is 
seen that the value of volumetric water content tends to increase due to infiltration, although the 
change is not very significant. For example, along line A, there is an increase in the VWC to a 
depth of 5 m after the 90 days (θw ≈ 0.055) and 15 m after the 365 days (θw ≈ 0.06) (Figure 5-9 
(a)). A similar pattern (with different rate and depth) is observed along the other lines.   
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Figure 5-9: Evolution of the volumetric water content distribution under rainfall 3.16×10-9 m/s 
(2.7×10-4 m/d, R 2-2), Case S11, after 90, 180, 270 and 365 days along; a) line A; b) line B; c) 
line C; d) line D 
5.6.2 Case S21  
Figure 5-10 (a) shows the initial pore water pressure distribution for Case S21 (waste rock pile 
with two benches and compacted horizontal layers, Tables 4-4 and 4-5) subjected to the relatively 
low-intensity rainfall. Figure 5-10 (b), (c), (d) and (e) display the contour plots of negative pore 
water pressures and the wetting front advancement during the rainfall at 90, 180, 270 and 365 
days respectively. Moving from Figure 5-10 (a) to 5-10 (e) indicate that the wetting front 
penetrates deeper within the waste rock pile from slope surface similar to Case S11. With time 
and infiltration the value of negative pore water pressure decrease (from -6 kPa to -5 kPa and 
higher) from slope surface, also it shows that compacted waste rock does not prevent water from 
infiltrating to the bottom and towards the center of the pile. 
Depth 5 m 
Depth 15 m 
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Infiltration also changes the pore water pressure distribution in the foundation. Infiltrated water 
accumulates along the interface between waste rock and silty sand due to the differences in the 
hydraulic properties of the two materials. More details about the evolution of infiltration in depth 
are discussed in Figure 5-11. 
 
 
  
 
 
Figure 5-10: Evaluation of pore water pressure (kPa) with the development of a wetting front, 
Case S21 under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R2-2); a) before rainfall; b) after 90 days; c) 
after 180 days; d) after 270 days; e) after 365 days 
 
Figure 5-11 shows the infiltration in depth along lines A, B, C, and D (see Figure 5-7 (e)). It 
indicates the value of suction decrease for waste rock along different lines by time. With initial 
suction 6 kPa, the hydraulic conductivity of compacted layer is in order of 10-8 and waste rock 
10-11. As the rainfall starts, an increase of suction is observed within the compacted layer, but by 
continuing rainfall, the suction decreases again (see Figure 5-11 (e)). It can be due to downward 
movement of water from top to the bottom of the layer. Figure 5-11 (a) indicate that after 90 
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days, the suction reaches 2.6 kPa at depth 3 m. After 180 days the suction at depth 6.8 m is 2 kPa; 
after 270 days, suction 2 kPa is seen at a depth of 10 m; at the end of 365 days,  suction 2 kPa 
reaches depth 17 m. a similar pattern is observed for the evolution of PWP distribution along 
Lines B, C and D. Comparing Figures 5-7 and 5-11 shows that the expansion of the wetting front 
is affected by the compacted layer within the waste rock pile.  
  
 
 
 
 
Figure 5-11: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R2-
2), Case S21, after 90, 180, 270 and 365 days along; a) line A; b) line B; c) line C; d) line D; e) 
compacted layer along line B 
157 
 
 
Figure 5-12 (a) to (d) present the changes in volumetric water content due to the infiltration 
resulting from rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R2-2) in Case S21. The initial volumetric 
water content in the waste rock material is around 0.05 in suction 6 kPa and increases due to 
infiltration from 0.05 to 0.06. It follows almost the same trend as the pore water distribution and 
with time, the changes of volumetric water content go deeper inside the pile (see Figure 5-12 (b), 
(c) and (d)).  
Figure 5-12 (d) shows volumetric water content 0.12 along the interface of waste rock and silty 
sand. It presents the water accumulation and a local water table at that point.  
 
 
 
 
Figure 5-12: Evolution of the volumetric water content distribution under rainfall 3.16×10-9 m/s 
(2.7×10-4 m/d, R2-2), for Case S21; a) after 90 days; b) after 180 days; c) after 270 days; d) after 
365 days  
Figure 5-13 presents the difference between infiltration in Cases S11 and S12 along line A, B, 
and C, under rainfall R 2-2 after 365 days. Case S11 shows homogenous expansion of wetting 
front whereas in Case of S21, due to the existence of the compacted layers, the wetting front 
expansion is not homogenous and the disruption (an increase of suction) is being observed.  
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Figure 5-13: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R2-
2), for Cases S11 and S21, after 365 days along; a) line A; b) line B; c) line C 
 
5.6.3 Case S35  
Figure 5-14 shows the wetting front development (PWP distribution) for Case S35 (two bench 
waste rock pile with 5% inclined compacted layers, Tables 4-4 and 4-5), under a relatively low-
intensity rainfall of 3.16×10-9 m/s (2.7×10-4 m/d, R2-2).  
It indicates as the rainfall infiltrates into the pile, the initial suction (around 6 kPa) is reduced. 
The wetting front penetrates deeper in the pile until it covers most of the inside space (see Figure 
5-14 (b) to (e)). Comparing Figure 5-14 with Figure 5-10 shows that the inclined compacted 
layers tend to limit deep infiltration; these direct the flow and accumulation of water toward the 
edge.  
It is seen that compacted layer can cause an accumulation of water, which flows downward, 
causing the appearance of more localised flow zones in the pile. This feature has been observed 
and studied before (e.g. Fala 2002; Dawood et al., 2009; Dawood and Aubertin, 2014) 
159 
 
 
The water accumulates along the interface between waste rock and silty sand due to the 
difference in the hydraulic conductivity. This causes the reduction of suction at the interface, 
from 45 kPa to 25 kPa (see Figure 5-14 (a) and (e)).  
 
 
 
 
 
 
 
Figure 5-14: Evolution of pore water pressure (kPa) with the development of a wetting front, 
Case S35 under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 2-2); a) before rainfall; b) after 90 days; 
c) after 180 days; d) after 270 days; e) after 365 days 
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Figure 5-15 shows the distribution of PWP in different times along lines A, B, C and D for Case 
S21, under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R2-2) (see Figure 5-7(e) for lines). It indicates 
the decrease of suction by time within the waste rock along different lines and at the same time 
the downward seepage in layers from top to bottom (Figure 5-15 (e)) that results in the increase 
of suction within the layers.  
  
  
 
 
Figure 5-15: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 
2-2), Case S35, after 90, 180, 270 and 365 days along; a) line A; b) line B; c) line C; d) line D; e) 
compacted layer along line D 
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Figure 5-16 presents the distribution of volumetric water content in waste rock pile for Case S35, 
during the rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 2-2) at different time steps. The volumetric 
water content value tends to increase at depth (compare Figure 5-16 (a), (b), (c) and (d)). The 
volumetric water content in the foundation is also changing.  
 
 
  
Figure 5-16: Evolution of volumetric water content distribution under rainfall 3.16×10-9 m/s 
(2.7×10-4 m/d, R 2-2), for Case S35; a) after 90 days; b) after 180 days; c) after 270 days; d) after 
365 days  
Figure 5-17 presents the infiltration and suction along lines A and B for Cases S21 and S35 after 
rainfall 3.16×10-9 m/s (2.7×10-4 m/d) for 365 days. The differences are not very significant 
though along line A the suction reached a lower value (more decreased) for Case S21 that 
presents less infiltration in Case S35 due to the inclination of the layer and outward movement of 
water.   
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Figure 5-17: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 
2-2, Table 5-1), for Cases S21 and S35, after 365 days along; a) line A; b) line B 
5.6.4 Case S41  
Figure 5-18 presents the wetting front development for Case S41 (two bench waste rock pile with 
horizontally compacted layers and alternate layers parallel to the slope, Tables 4-4 and 4-5), 
under a relatively low-intensity rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 2-2) at different time 
steps. Figure 5-18 (b) indicated that the wetting front starts developing from the alternate layers 
(parallel to the slope) and below the horizontal layers, resulting in a decrease in suction (PWP 
from -6 kPa to -5 kPa and less). The first and third layers parallel to slope contain loose waste 
rock while the second and forth consist crushed (finer) waste rock. The rainfall infiltrates to the 
loose waste rock layer and decreases the suction, but it does not move into adjacent layer 
(crushed waste rock) significantly.  
The development of the wetting front below the layer may be due to the difference in hydraulic 
conductivity of loose and compacted waste rock at the initial suction of 6 kPa. At this specific 
suction, the hydraulic conductivity is close to 10-7 m/s for the compacted waste rock and about 
10-11 m/s for loose waste rock.  
The water also tends to accumulate along the interface between waste rock and silty sand forming 
a local water table; it then infiltrates into the foundation, resulting in a decrease of suction from 
45 to 35 kPa in the silty sand near the interface (see Figure 5-18 (c) and (e)).  
The rainfall that infiltrates tends to move downward in the layers parallel to the slope. The water 
then enters the foundation. Hence, a decrease in suction is shown along the interface of layers 
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parallel to slope and foundation (local effect). The suction decreases from 45 kPa to 35 kPa in the 
silty sand foundation and in time the isocontour of 35 kPa goes deeper in the silty foundation (see 
Figures 5-18 (a) to (c)).  
 
 
 
 
  
 
 
Figure 5-18: Evolution of pore water pressure (kPa) with the development of a wetting front, 
Case S41,  under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 2-2); a) before rainfall; b) after 90 days; 
c) after 180 days; d) after 270 days; e) after 365 days 
Figure 5-19 presents the development of infiltration within the waste rock pile (Case S41) under 
rainfall 3.16×10-9 m/s (2.7×10-4 m/d) at different times along lines A, B, C, and D (see Figure 5-7 
(e) ). Infiltration results in a decrease of suction in the waste rock that goes deeper inside the pile 
Crushed waste rock (2nd and 4th)  
Loose waste rock  
(1st and 3th) 
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over time. As an example, along line C, the reduction of suction appears at depth 3 m and 7 m 
from the surface after 90 and 365 days respectively. Lines B and D represent the layers parallel to 
the slope. It is seen the suction decreases on the first layer (loose waste rock) and becomes close 
to zero while for other layers the oscillation in suction value is viewed. The suction value 
increases close to the interface between layers.  
  
  
Figure 5-19: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 
2-2), Case S41, after 90, 180, 270 and 365 days along; a) line A; b) line B; c) line C; d) line D 
 
Figure 5-20 presents the volumetric water content for Case S41 under constant rainfall 3.16×10-9 
m/s (for 365 days). The volumetric water content is approximately 0.03 and 0.05 for the 
compacted and loose waste rock materials (see Figure 5-20 (a)). The value of the volumetric 
water content is increasing below the compacted layer (specifically below the intersection of the 
first bench with compacted layer) and extends deeper with the development of wetting front 
during the rainfall.  
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Figure 5-20: Evolution of volumetric water content distribution under rainfall 3.16×10-9 m/s 
(2.7×10-4 m/d, during 365 days), Case S35; a) after 90 days; b) after 180 days; c) after 270 days; 
d) after 365 days 
 
5.6.5 Case S51  
Figure 5-21 shows the wetting front development for Case S51 (two benches with 5% inclined 
compacted layers and alternate layers parallel to the slope, Tables 4-4 and 4-5), under transient 
relatively low-intensity rainfall (2.7×10-4 m/d, R 2-2) for different time steps.  
Figure 5-21 (b) shows the development of wetting front starting with the layers parallel to the 
slope and below the horizontal layers, resulting in a decrease in suction (from 6 kPa to 5 kPa and 
less). The development of a wetting front parallel to the slope is due to the rainfall infiltration that 
decreases the suction, and also below the compacted layers (due to the higher hydraulic 
conductivity of the layer at this particular suction (e.g. 6 kPa) compare to the loose waste rock 
material. The wetting front then expands deeper as the rainfall continues. Comparing Case S41 to 
S51 shows that the wetting front goes deeper in Case S41 compared to Case S51 (see Figure 5-18 
(e) and 5-21 (e)). This is due to the inclination of compacted layer that forwards the water to the 
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outside of the pile. The infiltrated rainfall then accumulates along the interface of waste rock, and 
silty sand is forming a local water table due to differences in hydraulic conductivity and AEV of 
two materials. The water infiltrates to foundation and results in a decrease of suction to 35 kPa in 
some part (see Figure 5-21 (c) and (e)).  
 
 
  
 
 
Figure 5-21: Evolution of pore water pressure (kPa) with the development of a wetting front, 
Case S51 under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 2-2); a) before rainfall; b) after 90 days; c) 
after 180 days; d) after 270 days; e) after 365 days 
 
Figure 5-22 presents the evolution of negative pore water pressure due to infiltration in depth 
along lines A, B, C and D for Case S51, under rainfall 3.16×10-9 m/s for 365 days. It shows the 
decrease of suction due to rainfall infiltration along different lines in the pile. Like Case S41, the 
changes of suction on the layers parallel to the slope is oscillating and shows an increase of 
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suction near the interface of layers. This process is illustrated in Figure 5-22 (e) more clearly. The 
suction value decreases in the layers of loose waste rock while it shows a non-significant increase 
in layers of crushed waste rock.  
  
  
 
 
Figure 5-22: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 
2-2), Case S51, after 90, 180, 270 and 365 days along; a) line A; b) line B; c) line C; d) line D; e) 
Layer line B 
Figure 5-23 presents the volumetric water content for Case S51 (constant rainfall 3.16×10-9 m/s 
for 365 days). The initial volumetric water content of compacted waste rock is close to 0.03 while 
for loose waste rock it is near 0.05 (see Figure 5-23 (a)). The value of volumetric water content is 
168 
 
 
increasing below the compacted layer and extends deeper and get close to the interface of the 
waste rock pile and the foundation, following a similar path compare to the development of 
wetting front (see Figure 5-23 (b), (c) and (d)).   
 
 
  
Figure 5-23: Evolution of volumetric water content distribution under rainfall 3.16×10-9 m/s 
(2.7×10-4 m/d, R 2-2), Case S51; a) after 90 days; b) after 180 days; c) after 270 days; d) after 
365 days 
Figure 5-24 presents a comparison of infiltration under rainfall 3.16×10-9 m/s after 365 days 
along line B for different cases. Figure 5-24 (a) compares infiltration for Cases S41 and S51 and 
indicate a lower suction after rainfall for Case S41. That reduction of infiltration for Case S51 is 
due to the inclined compacted layers making the water movement outward the pile. Figure 5-24 
(b) shows the difference in infiltration for Cases S21 and S41 and indicates the effect of layers 
parallel to the slope. When the layers are presented a higher suction is viewed, compare to the 
case with no layer parallel to the slope. Figure 5-24 (c) also shows the effect of parallel layers in 
Case S51 compare to Case S35 with no parallel layers. It shows a less decrease of suction and 
expansion of wetting front for the case with layers parallel to the slope (Case S51).  
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Figure 5-24: Evolution of the pore water pressure under rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 
2-2), after 365 days along Line B; a) Cases S41 and S51; b) Cases S21 and S41; c) Cases S35 and 
S51 
5.6.6 Effect of prolonged rainfalls  
The results presented in Figure 5-25 (a to h) illustrate the effect of infiltration simulated using 
pseudo steady-state rainfall on the minimum factors of safety for Cases S11, S21, S35, S41, and 
S51. Figure 5-25 (g) (Case S11) shows a typical local slip surface that covers one bench exiting 
at the toe. A similar type of slip surface was obtained for Cases S21 and S41. For Cases S35 and 
S51, the local slip surface is located on the upper bench (see Figure 5-25 (h)) due to a larger 
height of this upper bench because of inclination inside the pile.  
These piles are submitted to a prolonged simulated rainfall 3.16×10-9 m/s (2.7×10-4 m/d, R 2-2, 
for 365 days). Due to infiltration and PWP variation (given by SEEP/W) variations of a factor of 
safety is observed. For Cases, S11, S21, and S35, the factor of safety tends to decrease for the 
first 100 days approximately and then stays more or less constant (after reaching a constant 
suction value).  
170 
 
 
For example, the minimum local factor of safety for Case S11 changes between 1.335 (initial 
condition) and 1.315 (minimum FS reached during rainfall) (Figure 5-25 (a)). For Case S21, this 
reduction goes from 1.4 (initial condition) to 1.38 (minimum FS reached during rainfall), which 
is very small. For Case S35, the minimum local factor of safety decreases from 1.31 (initial 
condition) to 1.28 (minimum FS reached during rainfall) and stays constant afterwards. For Cases 
S41 and S51, the factor of safety fluctuates during the rainfall. The range of this fluctuation is 
very small compared to other Cases (S11, S21, and S35) with a small decrease and an increase of 
FS (which is not significant).  
Figure 5-25 (f) displays a comparison between Cases S11, S21, S35, S41, and S51 under rainfall 
R 2-2, showing the variation of the minimum local factor of safety. It is seen that the lowest 
minimum factor of safety relates to Case S35 (5% inclined compacted layers) and the highest to 
Case S41 (horizontally compacted layer and alternate layer parallel to external slope). The results 
also indicate that the change of the minimum local factor of safety due to this prolonged rainfall 
for Cases S41 and S51 is very small (negligible).  
Figures 5-25 (g) and (h) show typical local slip surface for Cases S11 and S35. For Case S11 
(and also S21 and S41, see Tables 4-4 and 45) H1 = H2, while for Case S35 (and S51) H1 > H2 
(due to layers inclination). In section 4-7-6, it was indicated that increasing the height of the pile 
often results in a lower factor of safety. This is confirmed by the lower critical local FS for Case 
S35. It was also concluded that alternate layers parallel to the slope may increase the FS (mainly 
due to the higher internal friction angle of crushed waste rock); this is also the case for higher FS 
in Case S51, compare to Cases S11, S21, and S35. It suggests that alternate layers parallel to 
slope may have a significant impact on FS; on the other hand, the inclination of the compacted 
layers appears to have a limited effect for these cases. 
The addition of compacted layers nonetheless tends to increase the minimum factor of safety 
(compare Cases S21 vs. S11). However, inclined compacted layers may decrease the minimum 
local factor of safety (see Cases S51 and S35 with 5% inclined compacted layers, vs. S41 and 
S21 with horizontally compacted layers respectively). For cases with inclined compacted layers, 
adding alternate layers parallel to outer slope tend to increase the minimum factor of safety (due 
to the higher value of ϕꞌ for crushed waste rock, see Cases S51 vs. S35).  
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Figure 5-25: Evaluation of local minimum factor of safety under rainfall R 2-2; a) Case S11; b) 
Case S21; c) Case S35; d) Case S41; e) Case S51; f) Cases S11, S21, S35, S41, and S51; g) 
typical local slip surface Case S11; h) typical local slip surface Case S35 
H1 
H2 
H2 
H1 
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Figure 5-26 shows the variation of the minimum global factor of safety over time for Cases S11, 
S21, S35, S41 and S51 under rainfall R 2-2 (see Figure 5-26 (g) for a typical slip surface). In all 
cases, the factor of safety tends to decrease after infiltration starts. In general, the factor of safety 
decreases for about 150 days and then stays relatively constant (after the suction becomes almost 
constant).   
For example, the minimum global factor of safety for Case S11 goes from 1.57 to 1.56 (a), while 
for Case S21 it goes from 1.58 to 1.57. There is not a significant change for critical global FS 
during the imposed rainfall, and it stays almost constant for all these cases (Cases S11, S21, S35, 
S41, and S51; see Figure 5-26 f). It should be noted that the minimum global factor of safety for 
the pile is usually higher compared to a local slip surface involving only one bench (i.e. compare 
Figure 5-25 (a) and 5-26 (a)).  
Figure 5-26 (f) presents a comparison between the variation of the minimum global factor of 
safety for Cases S11, S21, S35, S41 and S51 under rainfall R 2-2. The lower minimum global FS 
is related to Case S11. This indicates adding compacted layers within the pile (Cases S21, S35, 
S41, and S51) increase the global FS. Higher global FS for Case S41 (compare to S21) and S51 
(compare to S35) indicate that addition of alternate layers parallel to the external slope increases 
the global FS (as was concluded in section 4-7-9). The highest global FS belongs to Cases S35 
and S51; these results show that the inclination of compacted layers may have positive effects on 
global FS. The differences between FS of Cases S41 and S51 to Cases S21 and S35 show the 
positive effect of alternate layers parallel to the external slope on the pile stability under rainfall. 
It is also seen that alternate layers have a more pronounced effect when the compacted layer is 
horizontal. The inclination of compacted layer increase global FS more significantly compared to 
the addition of alternate layers.  
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Figure 5-26: Variation of minimum factor of safety of Global slip surface under rainfall R 2-2; a) 
Case S11; b) Case S21; c) Case S35; d) Case S41; e) Case S51; f) Cases S11, S21, S35, S41, and 
S51; g) typical global slip surface for Case S11 
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Table 5-2 gives a summary of the minimum local factor of safety obtained under rainfall R 2-2. 
For local slip surfaces the prolonged rainfall produces the largest change of FS for Case S35 (2%) 
and the minimum change for Cases S41 and S51 (0.2%). It seems that the prolonged rainfall is 
not large enough to produce significant changes of FS in these cases.   
 
Table 5-2: Minimum local factor of safety during rainfall (2.7×10-4 m/d, R 2-2) for different 
cases  
Cases S11 S21 S35 S41 S51 
Initial 1.335 1.401 1.313 1.506 1.433 
Minimum FS during rainfall 1.313 1.383 1.286 1.503 1.431 
Final after 365 days 1.319 1.388 1.286 1.507 1.436 
Max reduction of minimum FS (%) 1.65 1.28 2.06 0.2 0.14 
 
For the global (deeper) slip surfaces, the maximum change occurred for Cases S11 and S21 with 
a 0.88% reduction of a global factor of safety under this rainfall. The FS related to a global slip 
surface is usually less susceptible to the rainfall infiltration compare to a local slip surface for 
these cases.   
Table 5-3: Minimum global factor of safety during rainfall (2.7×10-4 m/d, R 2-2) for different 
cases  
Cases  S11 S21 S35 S41 S51 
Initial 1.572 1.586 1.684 1.621 1.701 
Minimum FS during rainfall 1.557 1.572 1.671 1.617 1.696 
Final after 365 days 1.558 1.573 1.671 1.617 1.696 
Max reduction of minimum FS (%) 0.83 0.88 0.77 0.25 0.29 
A comparison between different cases indicates that the minimum local and global FS for Case 
S11 increase 5% and 0.6% compare to Case S21 (representing the effect of the addition of 
compacted layers). There is a 9% and 3% increase for local and global FS between Cases S21 
and S41 (the effect of alternate layers parallel to slope). The minimum local and global FS during 
rainfall show 7% decrease and 6% increase when Cases S21 and S35 are compared (decrease of 
local FS when the compacted layers are inclined). Comparing the FS changes due to pile 
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configuration and FS changes due to rainfall indicated that the effect of geometry is more 
significant on the changes of FS.  
Effect of relatively high-intensity, prolonged (pseudo steady-state) rainfall  
Additional calculations have been conducted for Cases (S11, S21, S35, S41 and S51) under 
rainfall 1.17×10-8 m/s (0.001 m/d, R 5-2 over 365 days). Figure 5-27 presents the results of these 
simulations. Figure 5-27 (a) and (b) show the changes in the local and global factor of safety for 
the five different Cases (S11, S21, S35, S41, and S51). A similar trend is observed here (compare 
to rainfall R 2-2) for both local and global slip surfaces.  
 
 
 
 
Figure 5-27: Variation of minimum factor of safety (local and global slip surface) obtained for 
different cases (S11, S21, S35, S41, S51) during rainfall R 5-2; a) local FS; b) global FS; c) 
typical local slip surface for Case S11; d) typical global slip surface for Case S11 
 
Table 5-4 presents the minimum local factor of safety and the maximum reduction of the factor 
of safety (%) under rainfall 1.17×10-8 m/s (0.001 m/d, R 5-2) for five different cases (S11, S21, 
S35, S41 and S51, initial suction = 6 kPa). The smallest changes are related to Cases S41 and 
(d) (c) 
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S51. The maximum reduction of FS is around 2% for Cases S11 and S35 (which is not 
significant). These results indicate that for the specific initial conditions, the global stability of 
waste rock pile is not very sensitive to prolonged rainfall with such low intensity.  
Table 5-4: Minimum local factor of safety during rainfall R 5-2 (0.001 m/d) for different cases  
Cases S11 S21 S35 S41 S51 
Initial 1.335 1.398 1.309 1.505 1.432 
Minimum FS during rainfall 1.309 1.382 1.284 1.505 1.432 
Final  after 365 days 1.325 1.395 1.284 1.517 1.452 
Max reduction of minimum FS (%) 1.95 1.14 1.91 0.00 0.00 
 
Table 5-5 shows a summary of the minimum global factor of safety obtained during rainfall R 
(0.001 m/d) with SLOPE/W. The maximum reduction of the minimum FS (due to rainfall) occurs 
in Case S11 whereas the minimum reduction is related to Cases S41 and S51 (cases with alternate 
layers parallel to the slope).   
Table 5-5: Minimum global factor of safety during rainfall R (0.001 m/d) for different cases 
Cases  S11 S21 S35 S41 S51 
Initial 1.572 1.585 1.684 1.621 1.701 
Minimum FS during rainfall 1.556 1.571 1.67 1.618 1.697 
Final after 365 days 1.559 1.574 1.672 1.62 1.698 
Max reduction of minimum FS (%) 1.02 0.88 0.83 0.19 0.24 
 
5.7 Results for short term transient rainfalls 
This section presents the results of slope stability analyses for five different Cases: S11, S21, 
S35, S41 and S51 (with loose and compacted waste rock and a silty sand foundation, see Table 4-
3 and Figures 4-1 and 4-2). These are subjected to the transient rainfalls defined in Table 5-1 
(Cases R 1, R 2-1, R 3-1, R 3-2, R 3-3, R 4 and R 5-1).  
The analyses included two main components. The first addressed the wetting front development 
and changes of volumetric water content and PWP during rainfall. The second component 
considers the effects of different parameters (such as initial PWP, rainfall intensity and duration, 
groundwater level, k anisotropy, and foundation material properties) on the minimum local and 
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global factor of safety, during and after rainfall. The water table is usually fixed at z = -7 m 
(below the ground; see Figure 5-1). It is assumed that silty sand foundation material is initially 
subjected to a pore water pressure distribution with a maximum suction value of 50 kPa (see 
Figure 5-2). Several rainfalls (Table 5-1) are applied (at a constant rate) over the crest, slope, and 
the ground (for 6, 12 or 24 hours) to assess the effect of infiltration on slope stability; no ponding 
is allowed over the surface. 
5.7.1 Effect of initial matric suction on infiltration and stability     
The initial suction may have a significant role on the stability of the waste rock pile through its 
effect on the apparent cohesion. One of the important aspects to consider is the effect of initial 
condition on infiltration rate. The conditions that produce the highest pore water pressures may 
be the most susceptible to failure.  
When the rainfall starts and water infiltrates, the factor of safety may change. Analyses were 
done to assess the effect of initial suction on the infiltration rate and factor of safety.  
In the first scenario, the initial suction is set to close to the residual condition (i.e., suction equal 
to water entry value, WEV, or r). For the coarse waste rock, this value is around 1.2 kPa; for 
compacted waste rock, it is around 7 kPa (see Figure 4-1).  
Other scenarios are considered with suction values equal to twice the WEV (2 residual; i.e. initial 
suction 2.4 kPa and 14 kPa for loose and compacted waste rock respectively) and three times the 
WEV (3 residual; i.e. initial suction 3.6 kPa and 21 kPa for loose and compacted waste rock 
respectively).  
Figure 5-28 shows the obtained FS for the local, and global slip surfaces (covering one and two 
benches respectively) for Cases S21, S35, S41 and S51 during and after rainfall R 2-1 (0.1 m/d, 
or 1.157×10-6 m/s). It is seen that there may be a slight change in the factor of safety during the 
rainfall. As was mentioned before (see Figures 5-11 (e), 5-15 (e)), the reduction of suction in the 
compacted layers may result in an increase of FS (based on the capp versus suction relationship). 
For low initial suctions (e.g. 1.2 kPa (WEV, Figure 5-28 a,b), 3.4 kPa (2WEV, Figure 5-28 c,d), 
the rainfall does not seem to have a significant effect on the factor of safety. The results tend to 
indicate that when initial suction is larger, the changes of the factor of safety become more 
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visible. For all the cases presented here (with different initial suctions) the factor of safety is not 
changing significantly after the rainfall stops.  
  
  
  
Figure 5-28: Variation of factor of safety for local and global slip surfaces during and after a 24-
hour rainfall 1.157×10-6 m/s (0.1 m/d, R 2); Cases S21, S35, S41, and S51 (see Tables 4-4 and 4-
5); a) local slip surface, initial suction equal to WEV; b) global slip surface, initial suction equal 
to WEV; c) local slip surface, initial suction of 2 WEV; d) global slip surface, initial suction of 2 
WEV; e) local slip surface, initial suction of 3 WEV; f) global slip surface, initial suction of 3 
WEV 
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Table 5-6 presents the initial and minimum factor of safety obtained with SLOPE/W during and 
right after the rainfall R 2-1. It is seen that the maximum decrease of the factor of safety is less 
than 1%. It can thus be considered that factor of safety is not significantly influenced by these 
different values of the initial suction. 
Table 5-6: Initial and the minimum factor of safety FS for a local slip surface for different cases 
with the imposed rainfall R 2-1 
Cases  
Residual  (WEV) 2 Residual  (2WEV) 3 Residual  (3WEV)  
Initial  
FS 
Minimum 
 FS 
Decrease 
 FS (%) 
Initial  
FS 
Minimum 
 FS 
Decrease 
 FS (%) 
Initial  
FS 
Minimum 
 FS 
Decrease 
 FS (%) 
S21 1,38 1,377 0,22 1,385 1,378 0,51 1,391 1,381 0,72 
S35 1,284 1,284 0,00 1,29 1,288 0,16 1,298 1,293 0,39 
S41 1,495 1,495 0,00 1,491 1,487 0,27 1,498 1,492 0,40 
S51 1,424 1,424 0,00 1,418 1,418 0,00 1,427 1,427 0,00 
 
Table 5-7 presents the initial and minimum factor of safety for four different Cases (S12, S35, 
S41 and S51), with three different initials suctions (WEV, 2WEV, 3WEV) during and right after 
rainfall (R 2-1). The maximum reduction of a global factor of safety is 0.5% (not significant). 
Comparing Tables 5-6 and 5-7 indicate that with these initial conditions the local factor of safety 
is more susceptible to changes in rainfall compare to the global factor of safety.   
Table 5-7: Initial and the minimum factor of safety for a global slip surface for different cases 
under rainfall R 2-1 
Cases  
Residual  (WEV) 2 Residual  (2WEV) 3 Residual  (3WEV)  
Initial  
FS 
Minimum 
 FS 
Decrease 
 FS (%) 
Initial  
FS 
Minimum 
 FS 
Decrease 
 FS (%) 
Initial  
FS 
Minimum 
 FS 
Decrease 
 FS (%) 
S21 1,568 1,567 0,06 1,572 1,57 0,13 1,577 1,574 0,19 
S35 1,669 1,666 0,18 1,672 1,669 0,18 1,676 1,673 0,18 
S41 1,604 1,604 0,00 1,61 1,609 0,06 1,611 1,608 0,19 
S51 1,691 1,682 0,53 1,693 1,692 0,06 1,69 1,687 0,18 
 
Figure 5-29 shows the time variation of the factor of safety for the local slip surface during and 
after rainfall R 2-1, considering four different Cases (S21, S35, S41 and S51, see Tables 4-4 and 
4-5) with three different initial suction (WEV, 2WEV, and 3WEV). The initial suction may 
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change the initial factor of safety. For example, in Figure 5-29 (b), the initial factor of safety 
tends to increase with the initial suction (e.g. when the initial suction change from WEV to 
2WEV to 3 WEV), although the differences are small. The variation of the factor of safety during 
the rainfall for different initial suction follows a similar path for all the cases. The factor of safety 
may increase a bit after the rainfall starts, but the increase is limited to about 1.5% of FS. The 
results also indicate that the largest change is related to the initial suction equal to 3WEV (three 
times water entry value).  
  
  
Figure 5-29: Variation of the factor of safety for local slip surfaces during rainfall R 2-1, with 3 
different initial suction (WEV or residual, 2WEV or 2 residual,  and 3WEV or 3 residual); a) 
Case S21; b) Case S35; c) Case S41; d) Case S51. 
Table 5-8 presents the initial and maximum increase of the factor of safety during rainfall R 2-1 
for different cases, for both local and global slip surfaces. It is seen the maximum increase is less 
181 
 
 
than 1.5%, which is due to the relation between suction and apparent cohesion for compacted 
waste rock layer (see section 4-6). 
 
Table 5-8: Initial and the maximum factor of safety for a global slip surface for different cases 
under rainfall R 2-1 
 
Local slip surface   
Case   
Initial  
FS 
Max 
 FS 
Increase 
 FS (%) 
Initial  
FS 
Max 
 FS 
Increase 
 FS (%) 
Initial  
FS 
Max 
 FS 
Increase 
 FS (%) 
S21 1,38 1,383 0,22 1,385 1,39 0,43 1,391 1,40 0,50 
S35 1,284 1,29 0,47 1,29 1,29 0,16 1,298 1,30 0,00 
S41 1,495 1,511 1,07 1,491 1,51 1,14 1,498 1,52 1,47 
S51 1,424 1,436 0,84 1,418 1,44 1,20 1,427 1,44 0,70 
 
Global slip surface 
S21 1,568 1,57 0,19 1,572 1,58 0,25 1,577 1,58 0,38 
S35 1,669 1,67 0,06 1,672 1,68 0,24 1,676 1,68 0,36 
S41 1,604 1,61 0,44 1,61 1,62 0,56 1,611 1,62 0,81 
S51 1,691 1,69 0,00 1,693 1,70 0,65 1,69 1,70 0,77 
 
Figure 5-30 presents the results related to four different Cases (S21, S35, S41, and S51) under 
rainfall R 2-1. For each case, three different initial suction is considered. Residual suction related 
to residual condition 1.2 kPa and 7 kPa for loose and compacted waste rock respectively. 2 
residual relates to 2.4 kPa and 14 kPa for loose and compacted waste rock and 3 residual relates 
to 3.6 kPa and 21 kPa for loose and compacted waste rock.  
Different initial suction results in a different initial factor of safety though the differences are not 
very significant (due to low value of capp). The variation of a global factor of safety has a similar 
trend to a local factor of safety for different initial suction for each case. It is noted that the lower 
global factor of safety belongs to the waste rock piles with initial residual suction, due to the 
lower suction and its related apparent cohesion. 
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Figure 5-30: Variation of factor of safety for Global slip surface with respect to time during and 
after rainfall R 2-1, with 3 different initial suction WEV or residual, 2WEV or 2 residual,  and 
3WEV or 3 residual); a) Case S21; b) Case S35; c) Case S41; d) Case S51 
 
Detailed results for Case S21 with an initial suction of 2WEV 
 Figure 5-31 presents the distribution of different parameters along a local slip surface for Case 
S21, with an initial suction 2 WEV (2 residual) under rainfall R 2-1. The initial condition shows 
suction 14 kPa at the base of slices 1 and 2 (at mid-point, located in compacted layer); the suction 
is 2.4 kPa for the other slices (located in coarser (loose) waste rock).  
After 12 hours of rainfall, the suction at the base of slice 1 is reduced to 6 kPa. After 18 hours, 
the suction at the base of slices 15 to 31 tends toward zero (from 2.4 kPa). After 24 hours, there is 
no suction at the base of all the slices along the slip surface.  
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Figure 5-31 (b) presents the strength at the base (mid-point) of the slices. This strength is initially 
close to 0.5 kPa for slices in the coarse waste rock and close to zero for compacted waste rock. 
After infiltration starts, the strength (related to suction) tends to decrease.  
Figure 5-31 (c) and (d) presents the shear mobilized and shear strength at the base (mid-point) of 
the slices, indicating that there is not a significant change due to the rainfall.  
Figure 5-31 (e) gives the factor of safety after 6 hours, 12 hours, 18 hours and 24 hours during 
rainfall. It is seen that the factor of safety does not change much, in agreement with the small 
changes in matric suction and its related strength. It can be inferred that the small value of initial 
suction (e.g. 1.2 kPa, 2.4 kPa) does not have a meaningful role in the variation of the factor of 
safety during rainfall.  
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Figure 5-31: Variation of different parameters along the local slip surface, with respect to time (6, 
12, 18, 24 hours) under a rainfall of 1.157×10-6 m/s (0.1 m/d, R 2-1), Case S21, initial suction 
2WEV; a) negative pore water pressure; b) strength due to apparent cohesion; c) shear mobilized; 
d) shear strength; e) factor of safety 
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Effect of higher suctions 
The effect of higher initial suctions in a pile on infiltration rate, and factor of safety was also 
assessed for Case S11 (two benches waste rock pile, see Tables 4-4 and 4-5); three different 
initial suction were imposed to obtain capp = 1 kPa, 5 kPa, and 10 kPa (6, 32 and 64 kPa).  
Figure 5-32 presents the variation of the factor of safety during and after rainfall R 2-1 (q = 
1.157×10-6 m/s). Figure 5-32 (a) indicates that there is an increase of the initial factor of safety 
with an initial suction (i.e. with a larger capp). A higher initial suction (or capp) leads to a smaller 
variation of a factor of safety. The same trend is seen for the FS of the global slip surfaces (see 
Figure 5-32 (b)).  
  
Figure 5-32: Evaluation of factor of safety during and after rainfall R 2-1, for three different 
initial apparent cohesion (capp = 1, 5 and 10 kPa), Case S11; a) local slip surfaces; b) global slip 
surfaces 
 
Table 5-9 presents the initial and minimum factor of safety reached during rainfall R 2-1 for Case 
S11. It shows that increase of suction (going from capp = 1 kPa to capp = 10 kPa) results in the 
increase of an initial factor of safety (from 1.339 to 1.719 and from 1.569 to 1.826 for a local and 
a global slip surface respectively). On the other hand, increasing the suction leads to a less 
variation of a factor of safety due to infiltration, the decrease of FS is around 2.4% for capp =1 
kPa, while it is 0.7% for capp = 10 kPa (for local slip surface). 
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Table 5-9: Initial and minimum factor of safety for local and global slip surface, Case S11 with 
capp = 1, 5 and 10 kPa, rainfall R 2-1 
Case   
Local slip surface Global slip surface 
Initial FS  Min FS 
Decrease 
FS (%) 
Initial FS  Min FS 
Decrease 
 FS (%) 
capp =1 1,336 1,304 2,40 1,569 1,553 1,02 
capp = 5 1,508 1,506 0,13 1,693 1,693 0,00 
capp = 10 1,719 1,707 0,70 1,828 1,826 0,11 
 
Figure 5-33 illustrates the changes of negative pore water pressure along the local slip surface (at 
mid-base of slices) during 24 hours of rainfall R 2-1. Figure 5-33 (a) presents the initial suction 6 
kPa (representing capp = 1 kPa), the initial suction starts to decrease from slices close to toe and 
the crest, and after 24 hours most of the slices have a reduction in matric suction to a value 
around 1.5 kPa.  
Figure 5-33 (b) and (c) illustrate the changes of the suction along the local slip surface for initial 
suction 32 kPa (representing capp = 5 kPa) and 64 kPa (representing capp=10 kPa). For both cases 
when the rainfall starts, the slice near toe lost its suction at mid-point of slice due to infiltration, 
but the rest of slices do not see changes of matric suction on their base mid-point.  
It indicates that more water is needed to allow the seepage more easily through the waste rock in 
deeper depth. In these cases the shallow layer close to the surface lost the suction more rapidly 
and became closer to saturated condition hence, the water passes more easily on that layer 
downward the slope.  
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Figure 5-33: Variation of the PWP along local slip surface under rainfall R 2-1, Case S11; a) capp 
= 1 kPa; b) capp = 5 kPa; c) capp = 10 kPa 
Figure 5-34 presents the changes of suction due to infiltration with respect to time under rainfall 
R 2-1 for Case S11 along a global slip surface (mid-point for each slice base) for different initial 
suctions. Figure 5-34 (a) shows that during the rainfall, the water infiltrates deep for initial capp = 
1 kPa. In the beginning, the initial suction is 6 kPa, after 12 hours slices 1 to 3 and 15 to 30 show 
suctions around 2 kPa, and after 24 hours all of the slices show a reduction of suction.  
In Figure 5-34 (b) and (c) the initial suctions are 32 kPa and 64 kPa (related to capp = 5 and 10 
kPa respectively). During the rainfall, there are no changes in the suction at mid-point of slices 
bases along slip surface (except for slices near the toe that are small and close to the surface). The 
decrease of the factor of safety was attributed to the reduction in suctions, and not many changes 
are observed here; hence, the reduction of a factor of safety is not significant here.  
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Figure 5-34: Variation of the PWP along global slip surface under rainfall R 2-1, Case S11; a) 
capp = 1 kPa; b) capp = 5 kPa; c) capp = 10 kPa 
 
5.7.2 Effect of transient rainfall rate on the factor of safety 
Five different cases are simulated in the following: S11 (2 benches), S21 (2 benches with 
compacted horizontal layer), S35 (2 benches with 5 % inclined compacted layers), S41 (2 
benches, horizontal compacted layer, alternate layers parallel to the slope) and S51 (2 benches, 5 
% inclined compacted layer, alternate layers parallel to slope). In all cases, the initial suction is 6 
kPa (both loose and compacted layers), and four different rainfalls are considered i.e. R 1, R 2-1, 
R 3-3, R 4 and R 5-1 followed by 2 dry days (see Table 5-1).  
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5.7.2.1 Pore water pressure distribution   
Figure 5-35 shows typical results for the wetting front development obtained with SEEP/W, for 
Case S11 under transient rainfall R 3-3 (1.736×10-6 m/s, 0.15 m/day) for 24 hours.   
In the beginning, the suction is 6 kPa everywhere (all lines). After 6 hours, the infiltration 
reduces suction from the ground surface to a depth about 0.25 m; close to the slope surface, the 
suction tends to be zero, showing the saturation of the ground (i.e. lines A and B). The depth of 
infiltration and wetting front progressively move down, and after 24 hours the suction reaches 
about 0.5 kPa for 5 m below the surface (Figure 5-35 (a), (b), and (c)).  
Figure 5-35 (a) shows that the depth of infiltration is around 5 m after 24 hours; along line D, 
infiltration expands to the total depth. As rainwater infiltrates into the waste rock, it can generate 
positive pore water pressures and create a perched water table locally, as is sometimes the case 
along the interface between waste rock and silty sand foundation at lines B, C, and D.  
The variation of hydraulic conductivity with soil suction is particularly critical as it is largely 
control water flow in the unsaturated piles. For waste rock, increasing suction can dramatically 
decrease the hydraulic conductivity (shown in sections 2-3-2 and 4-3-1). This very low hydraulic 
conductivity may produce a local perched water table in the waste rock (as stated above).  
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Figure 5-35: Variation of the PWP with the wetting front in Case S21 under rainfall 1.736×10-6 
m/s (0.15 m/d, R 3-3, Table 5-1) at different time steps (t=0, 6, 12, 18 and 24 hrs); a) line A; b) 
line B; c) line C; d) line D; e) pile with location of lines A, B, C and D; f) typical local slip 
surface for Case S21  
Figure 5-36 presents the changes in the volumetric water content inside the pile for Case S11 
during rainfall R 3-3. This distribution of volumetric water content is related to the distribution of 
suction shown in Figure 5-35.  
For initial suction 6 kPa, the water content is around 0.06 (= Ɵr) for the waste rock. Rainfall tends 
to increase pore water pressure close to the surface; at that time the volumetric water content also 
191 
 
 
increases to 0.08. The volumetric water content close to the slope surface increases with water 
infiltration and reduction of suction, (i.e. Ɵr = 0.11 at time 6 hrs; see Figure 5-36 (d) line D). The 
volumetric water content follows a similar trend as the distribution of PWP and increases 
progressively as the wetting front goes deeper. Along the interface between the waste rock and 
silty sand foundation, the volumetric water content increases more dramatically due to the 
accumulation of water and formation of the local water table.  
  
  
Figure 5-36: Evolution of the volumetric water content distribution, Case S21, under rainfall 
1.736×10-6 m/s (0.15 m/d, R 3-3) at different time steps; a) line A; b) line B; c) line C; d) line D 
(see other details in Figure 5-35 and Table 5-1) 
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Figure 5-37 presents the variation of the minimum factor of safety for local slip surface with 
respect to time during and after constant rainfall 5.78 ×10-7 m/s (0.05 m/d, R 1) for 24 hours. 
Figure 5-37 (a), (b) and (c) show the factor of safety decreases slightly when the rainfall starts. 
The initial minimum factor of safety is 1.336 for Case S11. During the rainfall, FS reaches the 
minimum value 1.315 (1.57% reductions). For Case S21, the FS value changes from 1.406 to 
minimum 1.389 (1.21% reduction); for Case S35, it goes from 1.318 to 1.297, (1.59% reduction) 
(see Figure 5-37 (a), (b), (c) and Table 5-10).  
Figures 5-37 (d) and (e) show 2% maximum change in the factor of safety during rainfall related 
to Cases S41 and S51. Figure 5-37 (f) shows the local factor of safety for different cases under 
same initial and boundary conditions. The highest and lowest initial factor of safety belongs to 
Cases S41 and S35 respectively. The outcome of these results indicates that the changes of FS 
due to waste rock pile configuration is more pronounced compared to changes of FS due to 
rainfall.  
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Figure 5-37: Variation of the local factor of safety over time during and after rainfall 5.78 ×10-7 
m/s (0.05 m/d, R 1); a) Case S11; b) Case S21; c) Case S35; d) Case S41; e) Case S51; f) Cases 
S11, S21, S35, S41 and S51  
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Table 5-10: Initial and the minimum factor of safety for local slip surface during rainfall R 1 
Case Initial FS Minimum FS during rainfall Decrease (%) of FS 
S11 1,336 1,315 1,57 
S21 1,406 1,389 1,21 
S35 1,318 1,297 1,59 
S41 1,511 1,508 0,20 
S51 1,437 1,434 0,21 
 
For Cases, S11, S12, and S35, the factor of safety continues to decrease after the rainfall stops. 
After rainfall, matric suction tends to increase at shallow depth; while the wetting front keeps 
moving downwards and the minimum safety factor keeps decreasing for some time. 
Figure 5-38 presents the changes of a global factor of safety for five different Cases (S11, S21, 
S35, S41 and S51) with respect to time under rainfall 5.78 ×10-7 m/s (0.05 m/d, R 1). The initial 
suction within the pile has a constant value 6 kPa.  
The factor of safety starts decreasing with minor oscillation when the rainfall continues for Cases 
S11, S21, and S35 (see Figure 5-38 (a), (b) and (c)). During the rainfall pore water pressure in the 
slope moved gradually towards positive values and results in the reduction of the factor of safety. 
For these cases, the maximum decrease of the factor of safety during the rainfall is around 0.5% 
for Cases S11 and S21, which is low (see Table 5-11). 
For two Cases S41 and S51, when the rainfall starts the factor of safety starts oscillation 
(increasing and decreasing), showing a maximum reduction of 0.06% during the rainfall (see 
Table 5-11).  Figure 5-38 (f) show the effect of rainfall on the minimum factor of safety related to 
a global slip surface for different cases. A similar trend to the prolonged rainfall is observed here; 
FS variation under rainfall R 1 for different cases is not significant. 
The results show the minimum global factor of safety is related to Case S11 (2 bench pile), and 
the addition of compacted layers increase the minimum factor of safety (see Cases S21, S35, S41, 
and S51). Also, the addition of alternate layers parallel to the slope increases the minimum factor 
of safety (compare Cases S41 with S21 and S51 with S35). The addition of inclined compacted 
layer has a positive effect on the global factor of safety unlike the local FS (compare Cases S35 
with S21 and S51 with S41).  
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Figure 5-38: Variation of the global factor of safety over time during and after rainfall 5.78 ×10-7 
m/s (0.05 m/d, R 1) for a global slip surface; a) Case S11; b) Case S21; c) Case S35; d) Case S41; 
e) Case S51; f) Cases S11, S21, S35, S41 and S51  
Table 5-11 presents the initial and minimum of the global factor of safety for different cases 
under rainfall 5.78 ×10-7 m/s (0.05 m/d, R 1). It shows the highest reduction of the factor of 
safety is related to Cases S11, S21, and S35 that is not significant.  
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Table 5-11: Initial and the minimum factor of safety for a global slip surface under rainfall R 1 
 Case Initial FS Minimum FS Decrease % 
S11 1,569 1,561 0,51 
S21 1,589 1,581 0,50 
S35 1,688 1,68 0,47 
S41 1,623 1,622 0,06 
S51 1,703 1,702 0,06 
 
Comparing results in Tables 5-10 and 5-11 indicate that the initial global FS is greater than 1.5. 
During the rainfall, the reduction of FS in not very significant and the values of FS remain higher 
than 1.5. Case S41 presents a FS higher than 1.5 for local slip surface and during the rainfall, it 
stays higher than 1.5, however for other Cases (S11, S21, S35, and S51) the initial FS is below 
1.5. 
Figure 5-39 presents local and global factor of safety with respect to time under different rainfalls 
(Cases S11, S21, S35, S41, and S51). Figure 5-39 (a) shows the local factor of safety for all the 
cases under rainfall R 2. After the rainfall starts Cases S11, S21 and S35 face a reduction of the 
factor of safety, for Cases S41 and S51, the change is very small. The same trend is seen for the 
other rainfalls R 3-3, R 4 and R 5 (see Figure 5-39 (a), (c), (e) and (g)). In all the graphs, the 
lowest factor of safety belongs to Case S35, and the highest belongs to Case S41. As discussed 
before, the inclination of compacted layer results in a minor decrease of the local factor of safety 
(compare Cases S35 with S21 and S51 with S41). Existences of alternate layers parallel to the 
slope, increase the factor of safety (compare S51 with S35 and S41 with S21). Figures 5-39 (a), 
(c), (e) and (g) indicate that for local slip surface factor of safety is lower than 1.5 except for Case 
S41; hence, these piles are not on the safe side. 
Similar trends are obtained for the global slip surfaces, for all the rainfalls. For Cases S11, S21 
and S35, there is a reduction of the factor of safety due to rainfall, for Cases S41 and S51 the 
changes in FS are not significant. Similar to prolonged rainfalls (pseudo steady-state), the highest 
global factor of safety results from cases with inclined compacted layers (see Figure 5-39 (b), (d), 
(f) and (h)). Figures 5-39 (b), (d), (f) and (h) indicate that the global factor of safety for all cases 
is above 1.5 (in the safe zone according to Table 2-8) for the initial condition. There is a variation 
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of FS during the rainfall, but the minimum value of FS is still above 1.5. It is thus considered that 
for global slip surfaces, the rainfall does not put the waste rock pile stability at risk. It is also 
observed, again, that the waste rock piles are more susceptible to local slip surfaces compare to 
global slip surface (with the former showing a lower local factor of safety).  
The FS value may stay constant or slightly decreases after the rainfall starts. As was discussed 
before, the matric suction may increase the pile strength. Infiltration may cause matric suction to 
decrease from the ground surface to the deeper part of the pile. After the rainfall stops, the 
wetting front may still be extending deeper in the pile and result in FS reduction.  
 
 
 
 
Figure 5-39: Variation of factor of safety with respect to time during and after different rainfalls for a 
local and a global slip surface; a) rainfall R 2,  local slip surface; b) rainfall R 2,  global slip surface; c) 
rainfall R 3-3,  local slip surface; d) rainfall R 3-3,  global slip surface; e) rainfall R 4,  local slip 
surface; f) rainfall R 4, global slip surface; g) rainfall R 5,  local slip surface; h) rainfall R 5,  global 
slip surface 
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Figure 5-39 (continued): Variation of factor of safety with respect to time during and after 
different rainfalls for a local and a global slip surface; a) rainfall R 2,  local slip surface; b) 
rainfall R 2,  global slip surface; c) rainfall R 3-3,  local slip surface; d) rainfall R 3-3,  global slip 
surface; e) rainfall R 4,  local slip surface; f) rainfall R 4, global slip surface; g) rainfall R 5,  
local slip surface; h) rainfall R 5,  global slip surface 
Table 5-12 presents the initial and minimum factor of safety obtained with SLOPE/W for Cases 
S11, S21, S35, S41 and S51 (Tables 4-4 and 4-5) under several rainfalls (i.e. R 2-1, 3-3, 4 and 5). 
It shows that in all cases, the factor of safety decreases during the rainfall due to increasing PWP 
and a reduction of strength (though the decrease is small, between 0.2 to 2.9%). As previously 
stated, relatively larger decreases are seen for Cases S11, S21, and S35; Cases S41 and S51 (with 
alternate layers parallel to slope) show less significant changes of the factor of safety due to 
rainfall. The variation of FS is more pronounced due to the geometry and configuration of waste 
rock pile than the rainfall infiltration (for the cases considered here).  
The results also show how the magnitude of the rainfall affects the value of FS. As an example, 
in Case S11, when the rainfall changes from R 2-1 (10 cm/24 hrs) to R 3-3 (15 cm/24 hrs) to R 4 
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(30 cm/24 hrs) to R 5 (37 cm/24 hrs), the factor of safety is reduced by 2.4 % , 2.69% , 2.62% 
and 2.92%.  The decrease is thus slightly higher when the rainfall rate increases.  
Table 5-12: Initial and minimum factor of safety for the local slip surface for different rainfalls  
 Case 
Initial 
FS 
Minimum FS 
R 2-1  
Decrease 
(%) 
R 3-3 
Decrease 
(%) 
R 4 
Decrease 
(%) 
R 5 
Decrease 
(%) 
S11 1,336 1,304 2,40 1,3 2,69 1,301 2,62 1,297 2,92 
S21 1,406 1,384 1,56 1,373 2,35 1,374 2,28 1,373 2,35 
S35 1,318 1,293 1,90 1,284 2,58 1,286 2,43 1,285 2,50 
S41 1,511 1,508 0,20 1,508 0,20 - - - - 
S51 1,437 1,434 0,21 1,434 0,21 - - - - 
 
Some additional results are presented below to improve the understanding of how the changes of 
PWP and related strength parameters along the slip surfaces can affect the factor of safety.  
5.7.2.2 PWP distribution along the slip surface   
Figure 5-40 presents a plot of the suction (negative PWP) variation with time along a local slip 
surface (mid-base each slice, for five different Cases (S11, S21, S35, S41, and S51) under rainfall 
1.736×10-6 m/s for 24 hours (R 3-3).  
The initial suction is 6 kPa for all the cases. The water level is fixed at -7m (below the ground 
surface), the rise of the water table is prevented during rainfall, and no ponding is allowed.   
When the rainfall starts, the water infiltrates from the surface and tends to accumulate near the 
toe. This results in a decrease of suction along the base of slices near the toe (slices # 20 to 30),  
slices near the crest (slices # 1 to 5) also drop suction more rapidly. The negative pore water 
pressure decrease gradually until it reaches 0.5 kPa for most of the slices (at the base mid-point of 
each slice, see Figure 5-40 (a)). Over time most of the slices in the slip surface (base mid-point) 
are exposed to infiltration and diminishing the suction.  
Similar patterns are observed for Cases S21 and S35 (Figure 5-40 (b) and (c)). It worth noting 
that for Cases S11 and S21, the suction fluctuates near the toe of waste rock pile (interface 
between waste rock and foundation) due to the accumulation of water. For Case S35, no 
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significant fluctuation is seen. The critical local slip surface in Case S35 is located on the upper 
bench (due to inclination the upper bench has a higher height compare to lower bench, see Figure 
5-40 (h)). The infiltrated water does not accumulate near the toe of the upper bench, as it moves 
outward for Case S35. Figure 5-40 (d) and (e) displays the suction profiles along the local slip 
surface for Cases S41 and S51 respectively. Case S41 shows that for slices 1 to 5 and 24 to 30 
there are significant changes in suction due to infiltration, whereas it stays unchanged for slices 6 
to 15 (the wetting front is not going that deep in the pile). Case S51 follows a similar pattern for 
the suction distribution.  
  
  
 
 
Figure 5-40: Pore water pressures distribution along a local slip surface (at midpoint of each slice 
at the base) under rainfall 1.73×10-6 m/s (R 3-3); a) Case S11; b) Case S21; c) Case S35; d) Case 
S41; e) Case S51; f) typical local slip surface for Case S11 
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5.7.2.3 Distribution of shear strength along slip surface 
Figure 5-41 displays the variation of the additional strength (produced by suction, effective 
cohesion is zero everywhere) obtained with SLOPE/W along a local slip surface (base of each 
slice, mid-point) for five different Cases (S11, S21, S35, S41, and S51). Initial matric suction is 6 
kPa, cases are under rainfall 1.73×10-6 m/s (0.15 m/d, R 3-3).  
Case S11 indicates when the rainfall starts the water infiltrates and the strength due to suction 
decrease gradually for the slices near the crest and the toe; after 24 hours the strength reaches to 
0.2 kPa from 0.8 kPa at the mid-point of slices base along the slip surface. Cases S21 and S35 
follow the same path except for the slices in compacted layer (slice 1) that shows an increase of 
strength while suction decrease due to the path of capp versus suction obtained with Equation 4-1 
(section 4-6).  
Like suction profile, the strength (due to suction) is not changing significantly for slices 5 to 20 in 
Cases S41 and S51 (see Figure 5-41(d) and (e).  
Figure 5-41 (f) presents the variation of a factor of safety (with respect to time) for all the cases. 
The results indicate the decrease of a factor of safety with time in Cases S11, S21 and S35 due to 
a decrease of negative pore water pressure and decrease of strength. Variation of a factor of 
safety is negligible for Cases S41 and S51 due to the minor influence of rainfall on the expansion 
of wetting front.   
The lowest minimum local factor of safety belongs to Case S35 due to the inclination of 
compacted layer. The addition of compacted layers increases the minimum factor of safety (Case 
S11 vs. S21). The combination of compacted layer and alternate layers parallel to the slope 
increase the minimum factor of safety (compare S21 with S41 and S51).  
.  
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Figure 5-41: Variation of strength due to the suction (kPa) along a local slip surface at the 
midpoint of each slice, under rainfall 1.73×10-6 m/s (0.15 m/d, R 3-3), for different time steps; a) 
Case S11; b) Case S21; c) Case S35; d) Case S41; e) Case S51; f) variation of FS over time for 
all cases 
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5.7.3 Effect of increasing rainfall on slope stability  
Figure 5-42 presents the factor of safety for different rainfalls (R 1, R 2-1, R 3-3, R 4 and R 5-1, 
Table 5-1) on different waste rock piles (Cases S11, S21, S35, S41, and S51) for a local slip 
surface.  
Figure 5-42 (a) shows that for different rainfalls, the infiltration reduces the factor of safety for 
Case S11. The larger decrease is due to the rainfall with higher intensity (R 5-1), and the lower 
reduction belongs to rainfall with lower intensity (R 1).  
The reduction rate is faster for higher intensity rainfall compare to lower intensity rainfall, 
meaning the minimum factor of safety is reached earlier when the rainfall intensity is higher. The 
same trends are seen for Cases S21 and S35 (see Figure 5-42 (b) and (c)).  
 For Cases S41 and S51, the rainfalls produce a small decrease of FS followed by a small 
increase. Comparing the results for cases with and without alternate layers parallel to the slope, 
shows that piles with such layers are less sensitive to infiltration.  
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Figure 5-42: Variation of the factor of safety during and after different rainfalls (R 1, R 2-1, R 3-
3, R 4 and R 5-1), for local slip surfaces; a) Case S11; b) Case S21; c) Case S35; d) Case S41; e) 
Case S51 
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Figure 5-43 illustrates the changes of a global factor of safety with respect to time, during and 
after different rainfalls. Results are related to Cases S11, S12, S35, S41 and S51 under rainfalls R 
1, R 2-1, R 3-3, R 4 and R 5-1. Comparison of these results with those of local slip surfaces 
(Figure 5-43) indicates that the responses to the infiltration and the suction changes follow a 
similar pattern. For Cases S11, S12 and S35, infiltration results in a reduction of strength and 
factor of safety. As the rainfall intensity increases, the reduction of the factor of safety accelerates 
and it is achieved sooner. A lower intensity increases the time to reach the minimum factor of 
safety during the rainfall. 
The minimum factor of safety (reached during different types of rainfall) for these cases do not 
change considerably when rainfall changes from R 2-1 to R 5; the difference is more significant 
between rainfall R 1 and R 2-1.  
The results illustrate that the impact of rainfall intensity on waste rock pile stability is not very 
significant with these initial conditions. For Cases S41 and S51 the rainfalls results in the 
oscillation of factor of safety which is not very significant (see Figure 5-43 (d) and (e)).   
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Figure 5-43: Variation of factor of safety during and after different rainfalls (R 1, R 2-1, R 3-3, R 
4 and R 5-1), for a global slip surface; a) Case S11; b) Case S21; c) Case S35; d) Case S41; e) 
Case S51 
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5.7.4 Effect of rainfall duration on slope stability 
The influence of rainfall durations on the stability behavior has been studied. For that purpose, 
three different durations 6 hours (rainfall R 3-1, 6.94×10-6 m/s, 0.6 m/d), 12 hours (rainfall R 3-2, 
rainfall 3.47×10-6 m/s, 0.3 m/d) and 24 hours (rainfall R 3-3, rainfall 1.736×10-6 m/s, and 0.15 
m/d) are considered. Four different Cases S12, S35, S41, and S51, are studied.  
The initial suction for all the cases is 6 kPa. For each case when the rainfall stops the dry period 
continues for 48 hours (i.e. the 6 hours rainfall is followed by 42 hours dry period, 12 hours 
rainfall with 36 hours and for 24 hours it is 24 hours). 
Figure 5-44 presents the variations of FS for a local slip surface under three different rainfalls (R 
3-1, R 3-2 and R 3-3 respectively) with respect to time.  
For Cases S21 and S35, the factor of safety decreases when the rainfall starts. The reduction of 
FS follows a similar pattern for three rainfall durations (6, 12 and 24 hrs), but the decrease is 
faster for shorter rainfall duration because of the higher intensity. It indicates that when the 
rainfall duration increases, it takes longer to achieve the minimum factor of safety. The 
differences between the factor of safety under different type of rainfalls, for Case S21, is less 
pronounced after 48 hours (see Figure 5-44 (a)) 
Cases S41 and S51 show a similar pattern for the variation of FS due to an increasing rainfall 
duration. This variation is less significant for cases with layers parallel to the slope compare to 
cases without these layers, as stated before. These results indicate that the rainfall duration 
influences the reduction of a minimum factor of safety values for all cases. It also has a 
significant impact on the advancement of the wetting front in the waste rock.  
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Figure 5-44: Variation of factor of safety for local slip surface under rainfall R 3-1, R 3-2, and R 
3-3; a) Case S21; b) Case S35; c) Case S41; d) Case S51 
 
Figure 5-45 presents the variation of FS for three different rainfall durations (R 3-1 (6 hrs), R 3-2 
(12hrs) and R 3-3 (24 hrs) respectively).  
The trend for the global factor of safety is very similar to that of the local factor of safety. With 
other factors fixed, the longer the duration, the later the minimum FS is achieved. Longer time 
(e.g. 24 hours) results in a delay on the occurrence of a minimum factor of safety.  
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Figure 5-45: Variation of factor of safety for Global slip surface under rainfall R 3-1 (6 hrs), R 3-
2 (12 hrs) and R 3-3 (24 hrs); a) Case S21; b) Case S35; c) Case S41; d) Case S51 
 
Table 5-13 shows the reduction (percentage) of the factor of safety for different cases under 
rainfalls durations (R 3-1, R 3-2 and R 3-3). It is seen that reduction (percent) of FS is 
approximately constant under different rainfall durations. The significant difference is seen to be 
the time to reach the minimum factor of safety. Increasing the duration (reduction of intensity) 
may produce a delay in reaching a minimum factor of safety.  
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Table 5-13: Initial and minimum factor of safety for a local slip surface, under different rainfalls 
R 3-1, R 3-2 and R 3-3 
Case   
Initial  
FS  
6 hours (R 3-1) 12 hours (R 3-2) 24 hours (R 3-3) 
Min FS 
Decrease 
 FS (%) 
Min  FS 
Decrease 
 FS (%) 
Min  FS 
Decrease 
 FS (%) 
S21 1,406 1,362 3,13 1,37 2,56 1,372 2,42 
S35 1,318 1,272 3,49 1,277 3,11 1,276 3,19 
S41 1,51 1,508 0,13 1,508 0,13 1,508 0,13 
S51 1,438 1,435 0,21 1,435 0,21 1,435 0,21 
 
Table 5-14 shows that the rainfall duration does not affect the reduction (%) of global FS 
significantly. It follows a similar trend as Table 5-13. The minimum factor of safety is fairly 
changing when the duration of rainfall increase. Moreover, it was shown in Figure 5-45 that this 
minimum value might reach later in time when the duration increases.  
 
Table 5-14: Initial and minimum factor of safety for a global slip surface, under different rainfall 
R 3-1, R 3-2, and R 3-3 
Case   
 6 hours 12 hours 24 hours 
Initial 
FS  
Min 
FS 
Decrease 
 FS (%) 
Min 
FS 
Decrease 
 FS (%) 
Min 
FS 
Decrease 
 FS (%) 
S21 1,589 1,562 1,70 1,565 1,51 1,566 1,45 
S35 1,688 1,668 1,18 1,667 1,24 1,667 1,24 
S41 1,623 1,617 0,37 1,618 0,31 1,622 0,06 
S51 1,704 1,704 0,00 1,701 0,18 1,703 0,06 
 
5.7.5 Effect of groundwater level on infiltration and slope stability 
To evaluate the effect of ground water table on the infiltration rate and changes in the factor of 
safety a study is conducted here. Three different Cases S11 (2 benches), S21 (2 benches and 
horizontally compacted layer) and S35 (2 benches and 5% inclined compacted layer) are 
considered with initial suction 6 kPa, under rainfall R 2-1. The groundwater level is located in 
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three different depths below the ground including 7 m, 3 m, and 1 m. Water level location affects 
the pore-water pressure distribution and defines the thickness of unsaturated zone. 
Figure 5-46 presents the changes of the factor of safety with respect to time for three different 
Cases (S11, S21, and S35) under rainfall R 2-1 with various groundwater levels (i.e. 7 m, 3m and 
1m below the ground). The initial suction within the waste rock piles is 6 kPa for all the cases. 
Results are presented for both a local and a global slip surface.  
The results indicate that after the rainfall starts, the factor of safety related to global slip surfaces 
follows similar patterns of reduction for different groundwater level. With this particular initial 
conditions, the global slope surface changes do not show significant differences when the 
groundwater level increases from -7 m to -1 m (see Figure 5-46 (b), (d) and (f)). 
For local slip surface, the same trend is seen. It should be noted that for a shallower groundwater 
level (-1 m below the ground) in the long term the factor of safety reaches lower value compare 
to deeper groundwater level.  
As discussed before, the local slip surface for Case S35 is located on the upper bench. Hence, that 
may be the reason the changes of FS is very similar when the groundwater level is deeper.  
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Figure 5-46: Variation of the factor of safety for local and global slip surfaces under rainfall R 2-
1, different groundwater levels (located 1, 3 and 7 m below the ground surface); a) local slip 
surface, Case S11; b) global slip surface, Case S11; c) local slip surface, Case S21; d) global slip 
surface, Case S21; e) local slip surface, Case S35; f) global slip surface, Case S35 
5.7.6 Effect of minimum depth of critical slip surfaces  
SLOPE/W can define the minimum depth of the slip surface, based on the height of at least one 
slice, which must be equal or greater than the specified depth. For example, a slip surface with a 
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minimum depth 3 m means there is at least one slice with a depth of 3 m (or higher) in the critical 
slip surface. To see the effect of slip surface depth on the factor of safety, a study is conducted.  
Case S21 is presented here, with rainfall R 1 (Table 5-1), and initial matric suction 6 kPa and a 
water level fixed at 7 m below the ground. Figure 5-47 presents the variation of the factor of 
safety for different minimum depths, for the local and global slip surfaces.  
For local slip surfaces (depth up to 3 m)  with a  very shallow slip surfaces (e.g. 0.1, 0.5 and 1 m), 
the changes of the factor of safety are similar; for  a deeper slip surface, of 2 m and 3 m, the 
initial factor of safety increases by about 4% and 11% respectively. It indicates that deeper slip 
surface is related to a higher FS compared to shallower slip surfaces (see Figure 5-47 (a)). For 
different depths of slip surfaces, the changes of a factor of safety due to rainfall follow a similar 
path.  
For global slip surface, an increase of 2 % is seen in the initial factor of safety when the 
minimum depth of slip surface reaches 6 m (see Figure 5-47 (b)).  
 
 
Figure 5-47: Variation of factor of safety for local and global slip surface under rainfall R 1 for 
Case S21; a) local slip surface with different depth (3, 2, 1, 0.5 and 0.1 m; b) global slip surface 
with different depth (6, 5, 4, 3, 2 and 1 m) 
 
Table 5-15 presents the reduction (%) of local and global slip surfaces with different minimum 
depth with respect to time. It shows the shallower local slip surfaces (minimum depth 0.1, 0.5 and 
1 m) are more susceptible to changes due to rainfall compared to deeper slip surfaces (depth 2 
and 3 m). When the depth of local slip surface goes from 1 m to 2 m to 3 m; the reduction of the 
factor of safety during rainfall decreases from 5.8% to 3.3% to 1.5% respectively. That indicates 
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in waste rock piles; the rainfall infiltration affects shallow local slip surfaces more. In this thesis, 
depth 3 m is considered for local slip surface.  
It is noted that compared to local slip surface, the reduction of the global factor of safety is less. 
As an example, a local slip surface with minimum depth 2 m shows a maximum reduction of 
3.26% during the rainfall whereas a global slip surface with same depth shows a reduction 
1.37%. For global slope surface, the changes happen when the depth of slip surface reaches 6 m. 
In this study, the depth is considered to be 6 m.  
 
Table 5-15: Reduction (%) of local and global factor of safety comparing different depths of slice 
surface, Case S21, rainfall R 1 
Minimum  
depth Initial FS Min FS Reduction (%) 
Local slip surface 
0.1 1.203 1.133 5.82 
0.5 1.203 1.133 5.82 
1 1.203 1.133 5.82 
2 1.258 1.217 3.26 
3 1.335 1.315 1.50 
Global slip surface 
1 1.537 1.516 1.37 
2 1.537 1.516 1.37 
3 1.537 1.516 1.37 
4 1.537 1.516 1.37 
5 1.537 1.516 1.37 
6 1.57 1.561 0.57 
 
5.7.7 Effect of kxy anisotropy on infiltration and slope stability 
One of the factors that affect the infiltration and water flow and distribution is the hydraulic 
conductivity of the waste rock. The hydraulic conductivity in the horizontal (kx) and vertical (ky) 
directions is often assumed to be similar for simplicity, but in reality, these may be different (e.g. 
(Fala, 2008). In SEEP/W, the conductivity ratio ky/kx can be controlled. A ratio of 10 means the 
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hydraulic conductivity in the y-direction is 10 times greater than x-direction. Three Cases (S11, 
S21, and S35; with initial suction 6 kPa) were analyzed with rainfall R 2-1 (1.157×10-6 m/s, 0.1 
m/d) to evaluate the effect of kxy anisotropy (in loose and compacted layers) on infiltration and 
factor of safety   
Figure 5-48 shows the development of the wetting front (PWP changes, kPa) inside the pile after 
24 hours of rainfall for different k anisotropy for Case S21. It is seen that when ky are smaller 
than kx (ratio =0.01, Figure 5-48 (a)), the infiltration rate is very low. As the ratio increase (e.g. 
ratio =100, Figure 5-48 (e)) the depth of infiltration increases significantly. This shows the 
increase of k in y-direction has a significant effect on the rate of infiltration (as observed by Fala, 
2008). 
 
 
 
 
 
 
 
Figure 5-48: Variation of Wetting front (PWP changes, kPa) for Case S21 after 24 hours , under 
different k anisotropy under rainfall R 2-1 for 24 hours; a) ky/kx = 0.01; b) ky/kx = 0.1; c) ky/kx = 
1; d) ky/kx = 10; ky/kx = 100  
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Figure 5-49 presents the variation of the local factor of safety for three different waste rock piles 
(Cases S11, S21, and S35) under rainfall R 2-1 for 24 hours, followed by 24 hours of the dry 
period. The initial suction is 6 kPa for all cases. The results indicate that for all cases the factor of 
safety decreases when the rainfall starts. Due to different ky / kx ratio, the minimum factor of 
safety and needed time to reach it are changing.  
As the ratio ky / kx increase the infiltration rate increases too. The wetting front expands faster 
and deeper, and the factor of safety decreases at a higher rate. As an example, the minimum local 
factor of safety is reached after approximately 3 hours of rainfall for ratio 100 whereas it is 
reached after 24 hours for ratio 0.01. It is also noted that when the rainfall stops, the factor of 
safety starts to increase rapidly for a ratio of 100, while it decreases slightly or stays constant for 
smaller ratios.  
 
 
 
 
Figure 5-49: Changes of factor of safety during and after rainfall R 2-1 for local slip surface, 
different kxy anisotropy 0.01, 0.1, 1, 10 and 100; a) Case S11; b) Case S21; c) Case S35 
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Figure 5-50 presents the variation of the global factor of safety for slip surfaces with minimum 
depth 1 m, for three Cases S11, S21, and S35 under rainfall R 2-1 followed by 24 hours of the 
dry period. The similar trend as the local factor of safety is observed for the global factor of 
safety. FS magnitude and reduction between ratios 1, 10 and 100 are not very significant, 
whereas for ratio 0.01 and 0.1 the minimum factor of safety is higher and it is reached with a 
delay in time compare to other ratios.  
  
 
 
Figure 5-50: Variation of factor of safety during and after rainfall R 2-1 for global slip surface 
and different kxy anisotropy 0.01, 0.1, 1, 10 and 100; a) Case S11; b) Case S21; c) Case S35 
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5.7.8 Effect of foundation material properties  
This section includes the results of numerical simulations to represent water movement, pore 
water pressure distribution and the FS of waste rock piles located on different foundation 
materials.  
Figure 5-51 presents the changes of the factor of safety for local (covering one bench) and global 
slip surfaces (covering two benches, passing the toe) with respect to time for Case S11 under 
rainfall R 2-1. It is seen that the factor of safety for a foundation with waste rock and silty sand is 
similar, and it decrease by rainfall with the similar path.  
The factor of safety for silty clay foundation is lower compare to waste rock and silty sand 
foundations, but it follows the similar path of the reduction in rainfall.  Both local and global slip 
surfaces are inside the pile, and they are not passing the foundation.  
 
  
Figure 5-51: Variation of factor of safety with time during and after rainfall R 2-1 for local and 
global slip surface, Case S11, foundation silty sand, silty clay and waste rock, initial suction 6 
kPa; a) local slip surface; b) global slip surface  
5.7.9 Effect of pile size  
Figure 5-52 presents the variation of the local and global factor of safety for four Cases S21, S22, 
S23 and S24 (waste rock piles with two benches and compacted waste rock layer with height 20, 
40, 80 and 120 m respectively; see Tables 4-4 and 4-5). All the cases have initial suction 6 kPa 
(capp = 1 kPa) and are under rainfall R 1 (5.78 ×10
-7 m/s, Table 5-1) followed by 24 hours of the 
dry period.  
219 
 
 
The higher initial factor of safety is obtained for Case S21 (smallest pile). Increasing the height 
leads to a decrease of the initial factor of safety (section 4-7-6). When the rainfall starts, the 
factor of safety tends to decrease slightly for all cases. The trend is similar for both local and 
global slip surfaces. Smaller piles always have a larger FS in these cases (as expected). 
 
 
Figure 5-52: Changes of factor of safety during and after rainfall R 2-1 for Cases S21, S22, S23, 
and S24; a) local slip surface; b) global slip surface  
 
 
The results presented in Chapters 4 and 5 assumed a single value for material properties (capp, ϕꞌ) 
within the pile for all the analyses. It was mentioned in section 2-4-3, that these types of 
consideration might not be close to the reality. The construction methods and internal features of 
waste rock piles affect the material properties distribution. Numerical analyses based on material 
properties distribution are being conducted, and the effect of material properties distribution is on 
the waste rock pile stability is illustrated.  
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CHAPTER 6 ADDITIONAL RESULTS AND DISCUSSION   
6.1 Introduction   
The purpose of the work presented in this chapter is (6 part) to evaluate the impact of 
uncertainties on the stability and reliability of waste rock piles. These uncertainties may include 
geotechnical (i.e. internal friction angle, cohesion), geological/hydrogeological (i.e. groundwater 
level, pore water pressure) or geometric (i.e. layer thickness) characteristics.  
To achieve this goal, the probabilistic approach (based on Monte-Carlo simulations) implemented 
in SLOPE/W was used. These Monte-Carlo simulations generate various scenarios and apply 
statistical techniques to identify the likelihood of the slope’s stability. 
In the following sub-sections, a group of preliminary results is first presented to help provide a 
better understanding of the input parameters of Monte-Carlo simulations. This section is followed 
by a presentation of the main results used to evaluate the influence of different factors through 
probabilistic analyses, including the pile geometry and properties of the waste rock.  
6.2 Methodology   
The numerical simulations were used to evaluate the uncertainty of waste rock piles stability, 
using the probabilistic analyses implemented in SLOPE/W.  
As described in section 2-4-3, a probabilistic analysis may cover different types of uncertainties 
such as geotechnical strength parameters, hydrological characteristics, and geometric conditions 
(Li and Lumb, 1987).  
Figure 6-1 presents a framework for the probabilistic analyses presented in this Chapter. The 
application of the probabilistic analysis to evaluate the mean factor of safety (FS̅̅ ̅), reliability 
index (RI) and the probability of failure (PoF), may involve uncertainty in the values of internal 
friction angle (φ), apparent cohesion (capp), groundwater level  (zw) and layer thickness (Lt).  
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Figure 6-1: Flow chart of the framework used for probabilistic analyses 
The geometry and initial boundary conditions are first defined with SIGMA/W (GeoSlope 
International Ltd, 2008) to evaluate the stress state in a pile. The code SLOPE/W (Geoslope 
International Ltd; Krahn, 2007c) is then used to analyze the slope stability with finite element 
stress-based method. Monte-Carlo simulations were used to conduct probabilistic analyses 
considering a normal distribution of geotechnical properties of the waste rock along the failure 
plane. The corresponding results for the critical slip surface(s) include the mean factor of safety 
(FS̅̅ ̅), reliability index (RI), and the probability of failure (PoF).   
Several cases are included in the numerical analyses which will be described later.  As mentioned 
before (section 4-3), three different materials have been considered in the conceptual models of 
waste rock piles: a coarse waste rock, a compacted fine waste rock, and silty sand for the 
foundation. The hydraulic properties of these materials are given in Table 4-1 and Figures 4-1 
and 4-2. These geotechnical properties are listed in Table 4-3. In SLOPE/W, the internal friction 
angle (φ') can have a normal distribution instead of a single value (see section 6.4.1 for details). 
In some cases, a normal distribution is applied for the total cohesion values (i.e. C = cˈ + capp, for 
suction equals to zero, i.e. capp = 0; see Section 6.5.1 for details).  The initial conditions used with 
SIGMA/W were presented in Sections 4-5 and 4-6.   
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6.3 Shapes and positions of typical slip surface 
The results presented in this chapter can be grouped according to five different circular slip 
surface locations. Figure 6-2 presents the typical forms of these slip surfaces in this section. 
Figure 6-2 (a) and 6-2 (e) present two extreme cases with local (depth ≤ 50% Ht) and a global 
(Ht, through the toe) slip surfaces. Figure 6-2 (b), (c) and (d) represent slip surfaces involving 
approximately 60%, 70% and 90% of pile height (Ht) respectively. The slip surface can start from 
any point on the crest and exit at a specific point that can be located at 60%, 70%, 90% or 100% 
of Ht).  
 
 
  
 
 
Figure 6-2: Various slip surfaces for a two bench pile (Group 2); a) local slip surface involving ≤ 
50% Ht); b) slip surface involving 60% Ht; c) slip surface involving 70% Ht; d) slip surface 
involving 90% Ht; e) global slip surface, 100% Ht through the toe 
Ht  
70% Ht  90% Ht  
60% Ht  
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6.4 Preliminary results from probabilistic parametric studies 
Some initial results are first presented to illustrate the effect of input parameters on the results 
obtained with a probabilistic stability analysis of waste rock piles (using the Monte-Carlo method 
implemented in SLOPE/W see details in section 2-4-3).   
6.4.1 Probability density function of geotechnical properties 
Generating a probabilistic analysis of slope stability includes sampling the strength properties. 
The most commonly used probability density function is a normal distribution defined by two 
indices, i.e. the mean value and standard deviation. 
Figure 6-3 (a) presents the selected probability density function (normal distribution) for the 
internal friction angle (φꞌ) for loose and dense waste rock with COV 10%, and 15% (see section 
2-4-3). The distributions are represented by a plot of the value of the friction angle on the X-axis 
and the likelihood of occurrence of that value on the Y axis. It is seen that a higher COV 
corresponds to a higher standard deviation (wider distribution) and a lower probability of 
occurrence. For example, for ϕꞌ = 37°, increasing the COV from 10% to 15% increases the 
standard deviation from 3.7° to 5.55° and decreases the probability of occurrence 10% to 7% for 
loose waste rock. 
Figure 6-3 (b) shows the sampling function for coarse and fine waste rock material with COV 
10% and 15%. It can be observed that for a higher COV%, the sampling number is greater for 
random numbers between 0.5 and 1, while it is lower for random numbers between 0 and 0.5 
(generating sample numbers at random from any probability distribution given its cumulative 
distribution function).  
SLOPE/W integrates the area under the probability density function to establish a cumulative 
distribution function which is inverted to form an inverse distribution function (or a percent point 
function). The inverse distribution function is called a sampling function in SLOPE/W. The X-
axis covers the range of possible random numbers. Each time a random number is obtained, the 
parameter is “sampled” using this function.  
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Figure 6-3 (c) and (d) shows the normal distribution of unit weight (γ) for COV 10% and its 
sampling function, respectively.  
  
 
 
Figure 6-3: a) Probability density function for φꞌ (loose and compacted waste rock, COV 10% 
and 15%); b) Sampling function for φꞌ (loose and compacted waste rock, COV 10% and 15%); c) 
Probability density function for γ (loose and dense waste rock, COV 10%); d) Sampling function 
for γ (loose and dense waste rock, COV 10%)  
 
Table 6-1 presents the values for the mean and standard deviation for the unit weight and 
cohesion of loose and dense waste rock materials. COV 10% and 15% are selected (see section 2-
4-33). The mean internal friction angles (ϕꞌ) are 37º and 45º for loose and dense waste rock, 
respectively; the unit weight is 19.5 kN/m3 for loose and dense waste rock (later in this section it 
is shown that unit weight is not a significant factor in the probabilistic analysis). The capp (due to 
suction) is not presented in a normal distribution (because of the SIGMA/W limitations). For this 
37 45 
19.5 
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reason, some additional results are presented with total cohesion (with zero suction) in a normal 
distribution (e.g. 5, 10 and 15 kPa instead of capp).  
Table 6-1: Mean and standard deviation values for φꞌ and γ and c  
Waste rock Parameter Mean 
COV 10% COV 15% 
Standard deviation Standard deviation 
Loose  
ϕꞌ (°) 37 3.7 5.55 
γ (kN/m3) 19.5 1.95 - 
Dense   
ϕˈ (°) 45 4.5 6.75 
γ (kN/m3) 19.5 1.95 - 
Loose and dense cꞌ (kPa) 
5 - 0.75 
10 - 1.5 
15 - 2.25 
A sensitivity analysis was conducted to evaluate the effect of using a probability density function 
for φꞌ and γ on the probabilistic stability analysis of waste rock pile. The results related to Case 
S11 are presented here (other results in Appendix C). For each slip surface, two probabilistic 
analyses were conducted; the first involves the normal distribution of φꞌ and the second, involves 
a normal distribution for both φꞌ and γ. Table 6-2 gives the results obtained for two locations of 
the slip surface corresponding to Figure 6-2 (a) local and (e) global. It can be observed that 
addition of unit weight probability distribution does not cause significant changes to the values of 
the FS̅̅ ̅, RI and PoF for both slips surfaces. The impact of COV of γ on PoF for the global slip 
surface, rounded to 6 decimal, is not visible (see Table 6-2). 
Table 6-2: Results obtained with Monte-Carlo slope stability analyses, using a COV 10% for ϕꞌ, 
or ϕꞌ and γ values; Case S11 (Chapter 4, Table 4-4), local and global slip surfaces  
Slip Surface COV (%) 𝐅𝐒̅̅ ̅ RI PoF 
Local  
 (ϕꞌ) 1.19 1.61 4.5 
 (ϕꞌ) & (γ) 1.18 1.62 4.4 
Global  
 (ϕꞌ) 1.56 5.73 0.00 
 (ϕꞌ) & (γ) 1.56 5.74 0.00 
 
Figure 6-4 presents the distribution of FS related to the probability analysis for Case S11, 
considering the local and global slip surfaces with the normal distribution of ϕꞌ or ϕꞌ and γ. Since 
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the variability of the friction angle and unit weight is normally distributed, the probability density 
function of FS is also normally distributed. It is observed that using a normal distribution for the 
unit weight has no significant influence on the normal distribution of FS. Figure 6-4 (a) shows 
that the normal distribution of local FS is similar for both cases; regardless of unit weight 
distribution (normal distribution or single value). A similar trend is seen for the global slip 
surface with mean FS = 1.6  
Other researchers have also shown that the uncertainty in the unit weight does not have a 
significant impact on FS compared to strength parameters (Matsuo and KURODA, 1974; Alonso, 
1976; El-Ramly, 2001). Thus, the probabilistic distribution of the unit weight will not be 
considered in the rest of this study.  
 
 
Figure 6-4: Normal distribution of the factor of safety for COV% = 10 (ϕꞌ, ϕꞌ and γ), Case S11 
(see Tables 4-4 and 4-5 ), for sampling distance = 8 m; a) local slip surface (see Figure 6.2 (a)); 
b) global slip surface (Figure 6.2 (b)) 
6.4.2 Spatial variability for different sampling distances  
SLOPE/W is based on the limit equilibrium method of slices. As stated in section 2-4-3-2. The 
spatial variability defined at the mid-point of each slice is used for calculating the probabilistic 
factor of safety. Probabilistic stability analyses were conducted for different sampling distances.  
Figure 6-5 presents the results related to Cases S11 and S21 (Tables 4-4 and 4-5); with both local 
and global slip surfaces. The normal distribution of FS is evaluated for COV 10% on φꞌ with a 
uniform suction 6 kPa ( representing capp = 1 kPa). Different sampling distances (SD,  used to 
define the spatial variability in SLOPE/W, see section 2.4.3.1) have been considered. The 
simulated cases include a different random numbers for the SD : i.e. no spatial variation (no 
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sampling distance), 1, 3, 5, 8, 12, and 15 m,  and also one sampling per slice. The results indicate 
that an increase of the sampling distance results in an increase of the variance of normal 
distribution. It is also seen (Fig. 6-5) that the lowest standard deviation is linked to the one 
sampling per slice, and the highest standard deviation is obtained when there is no spatial 
variation (no sampling distance).  
The FS̅̅ ̅ value is not influenced significantly by sampling distance for local slip surface; in global 
slip surface the no spatial variability presents the higher frequency of occurrence (Figure 6-5 (a), 
(c) and (b), (d)). It is also observed that the sampling distances between 3 m to 12 m have the 
most effect on the spatial variability analyses; other sampling distances are close to either case 
sample per slice or no spatial variation.  
  
  
Figure 6-5: Normal distribution of FS obtained with Monte-Carlo simulations (SLOPE/W), COV 
= 10% on φꞌ, capp = 1 kPa; sampling distances (SD): 1 m, 3 m, 5 m, 8 m, 12 m, 15 m, per slice 
and random number each time a) critical local slip surface, Case S11 (two bench pile); b) critical 
global slip surface, Case S11; c) critical local slip surface, Case S21 (two benches with 
compacted layers); d) critical global slip surface for Case S21 
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Figure 6-6 summarizes the outputs of the probabilistic analyses, FS̅̅ ̅, RI and PoF, for Cases S11 
and S21, for both local and global slip surfaces. It is observed that FS̅̅ ̅ has no significant changes 
when sampling distance increases from sample per slice (approximately 30 slices) to 
approximately 10 m and then it show some changes. It is also observed that for local slip surface, 
the PoF increases as the sampling distance increases, the highest PoF occurs when there is no 
spatial variability (Figure 6-6 (e)), for global slip surface the PoF has values very small close to 
zero (not shown here).  
It is observed for both Cases S11 and S12 the RI decreases for local and global slip surfaces (i.e. 
decreasing from 13 to 3 for global slip surface Case S11). When the sampling distance increases, 
a more unstable waste rock pile is observed (with the decrease of RI  below 3; Figure 6-6 (f)). 
The lowest RI corresponds to the highest PoF which presents the no spatial variability sampling 
distance case.  
 
 
 
 
 
 
 
 
 
229 
 
 
  
  
  
Figure 6-6: FS̅̅ ̅ , RI and PoF distribution for different sampling distance (sampling once; 1, 3, 5, 8, 
12 and 15m; sampling per slice), COV 10%, obtained with SLOPE/W; a) FS̅̅ ̅ for local slip 
surface, Case S11; b) FS̅̅ ̅ for global slip surface, Case S11; c) FS̅̅ ̅ for local slip surface, Case S21; 
d) FS̅̅ ̅ global slip surface Case S21; e) PoF for local slip surfaces, Cases S11 and S21; f) RI for 
local and global slip surfaces, Cases S11 and S21 
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These results indicate that the sampling distance has more significant effects on PoF and RI 
rather than FS̅̅ ̅. It is important to select an appropriate sampling distance; hence, a detailed 
understanding of the material and statistical characteristics is required using sufficient data.  
In this study, the size of the waste rock pile is changing for different cases (Ht =20 m to Ht = 120 
m). It was decided to consider a sampling distance expressed as a ratio of total height (Ht) of the 
waste rock pile. For Cases S11 and S21 (Ht = 20 m), a sampling distance of 10 m (=½ Ht) seems 
appropriate based on the distribution presented in Figure 6-6. A sampling distance of ½ Ht is also 
considered for the other cases.  
6.4.3 Effect of the COV   
Based on the values given in section 2-4-3-3, values COV equal to 10% and 15% is considered 
for the variation of φꞌ. A sensitivity analysis is conducted for these two values (10% and 15%) to 
see their effect on the FS normal distribution obtained with the Monte-Carlo simulations with 
SLOPE/W. Figure 6-7 (a), (b), (c) and (d) present the results for Group 1 (Cases S1, S2, S3, and 
S4, Tables 4-4 and 4-5). The distribution of FS is related to the slip surface that approximately 
involves 60% Ht; the sampling distance is 1/2 Ht.  
It shows a larger COV (15%) gives a distribution of factor of safety with a larger standard 
deviation (a larger dispersion), resulting in more factor of safety ≤ 1. However, the changes in 
FS̅̅ ̅ is not very significant when going from COV= 10% to COV = 15%. For a given factor of 
safety, the frequency (%) of occurrence increases with a larger COV. 
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Figure 6-7: Normal distribution of FS for slip surface involving 60% Ht obtained with Monte-
Carlo method of SLOPE/W for different COV (10%, 15%); a) Case S1; b) Case S2; c) Case S3; 
d) Case S4 
Figure 6-8 presents the FS̅̅ ̅ (a), RI (b), and PoF (c) and the standard deviation SD (d) obtained 
from the Monte-Carlo method with SLOPE/W for Group 1 (Cases S1, S2, S3, S4, see Tables 4-4 
and 4-5), for COV 10% and 15% (φꞌ) and slip surface involving 60% Ht. 
It indicates that FS̅̅ ̅ does not change much, while the PoF and standard deviation are higher for 
COV = 15% compared to COV = 10% for all cases. Figure 6-8 (b) shows a reduction of the RI 
for COV = 15% compared to COV = 10%. That indicates a lower COV results in a higher RI and 
a lower PoF. It is observed for these cases the RI value for COV 15% is below 3; this is below 
average performance (see section 2-4-3-4), for COV 10%, except Case S1, other cases show a 
performance below the average level.  
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Figure 6-8: Effect of COV% (10%, 15%) on FS̅̅ ̅ , RI, PoF and Standard deviation for a slip 
surface involving 60% Ht, obtained with Monte-Carlo method (SLOPE/W), Group 1 (Cases S1, 
S2, S3, and S4); a) FS̅̅ ̅ ; b) RI; c) PoF (%); d) Standard deviation  
 
Figure 6-9 presents the FS̅̅ ̅ (a), RI (b), PoF (c) and the Standard deviation (d) related to Monte-
Carlo with SLOPE/W for Group 2 (Cases S11, S12, S13, S14) for COV 10% and 15% (φꞌ) and 
slip surface involving 60% Ht. 
It is seen that the  FS̅̅ ̅ is slightly higher for COV 15%, whereas there is a reduction in the RI for 
COV 15% compared to 10% (b). The PoF increases slightly for COV 15%, and the same trend is 
observed for a standard deviation (d) (however, the impact of this increase on the PoF rounded to 
6 decimal points is not visible, as shown in Figure 6-5 (c) for Cases S11 and S12). 
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A similar trend is seen for both Groups 1 and 2 due to the variation of COV%. A higher 
coefficient of variation (φꞌ) usually results in lower RI (less stable waste rock piles).  
 
 
  
Figure 6-9: Effect of COV% (10%, 15%) on FS̅̅ ̅ , RI, PoF and Standard deviation for a slip 
surface involving 60% Ht, obtained with Monte-Carlo (SLOPE/W), Group 2 (Cases S11, S12, 
S13, and S14); a) FS̅̅ ̅ ; b) RI; c) PoF (%); d) Standard deviation  
 
6.4.4 Number of iterations for Monte-Carlo method   
A practical method for determining the optimum number of iterations for Monte-Carlo 
simulations is to run the calculations a few times with similar variable values (i.e. ϕꞌ) and increase 
the number of iterations. The output can then be plotted versus the iterations number which can 
be used to evaluate the optimal iteration number. The optimum number of iterations can be 
defined as the minimum number of iterations where the output quantity is stable.  
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The parametric study conducted for this purpose and the results related to Case S21 (which 
represents a relatively typical waste rock pile) are presented here.  
Figure 6-10 presents the normal distribution of the factor of safety for Case S21 with COV = 
10% and 15% (φꞌ). Sampling distance is 8 m, slip surfaces involve 60% Ht (see Figure 6-6 (a) 
and (b)), and five different iterations number (2000, 5000, 10000, 15000 and 20000, for Monte-
Carlo method) resulted in the below normal distribution of FS. It shows the normal distribution of 
FS is not very sensitive to the number of iterations of Monte-Carlo method.  
  
Figure 6-10: Normal distribution of FS based on different iterations numbers, Case S21, slip 
surface involving 60%Ht; a) COV 15%; b) COV 10%  
 
Figure 6-11 presents the output values related to the probabilistic stability analyses of Case S21.  
As demonstrated the RI and standard deviation do not show significant changes due to the 
number of iteration (See Figure 6-11 (b) and (c)). The FS̅̅ ̅ changes due to the variation of some 
iteration which is not very significant. The maximum changes appear between iteration numbers 
10 000 and 15 000.   
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Figure 6-11: Distribution of FS̅̅ ̅ , RI and standard deviation due to different iteration numbers, 
obtained with Monte-Carlo method (SLOPE/W), slip surface involving 60%Ht, COV 10% and 
15%; a) FS̅̅ ̅ ; b) RI; c) Standard deviation  
 
6.5 Selected results from probabilistic slope stability analyses  
The stability analyses result presented in this section focus on slip surfaces in piles presented in 
Figure 6-2. 
Detailed calculations are presented for various scenarios to assess the effect of the various 
parameters i.e. the apparent cohesion capp, the number of benches, presence of compacted layers 
(e.g., horizontal, inclined, parallel to slope, layer thickness), groundwater level and rainfall.   
The Monte-Carlo number of iterations is 15 000 with COV 10% or 15% (ϕꞌ). The spatial 
variability (sampling distance) is defined as a ratio to the pile height, 1/2 Ht (see section 6-.4-2).  
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6.5.1 Relationship between FS, φ and apparent cohesion capp and Ht  
Different calculations were conducted (with SIGMA/W and then SLOPE/W using the Monte-
Carlo method) for Groups 1 (Cases S1, S2, S3 and S4), 2 (Cases S11, S12, S13 and S14) and 3 
(Cases S15, S16 and S17) (see Tables 4-4 and 4-5).  
The mean ϕ' is 37° for waste rock material; COV is 15% (ϕꞌ). Effective cohesion (cꞌ) is zero. 
Apparent cohesion (capp) is presented in two forms: a) presented by its equivalent suction in 
SIGMA/W (single value, see details in section 4-6), b) presented as C (cꞌ+capp) with values 5, 10, 
and 25 kPa (normal distribution). The foundation material is waste rock. The critical slip surfaces 
and their related  FS̅̅ ̅ , RI and PoF are evaluated with  FE stress-based method.  
6.5.1.1 Normal distribution of φꞌ and single value of capp  
Figure 6-12 (a, b, c and d) presents the normal distribution of FS related to a slip surface covering 
approximately 60% Ht for Groups 1 (Cases S1 and S2) and 2 (Cases S15 and S16) (see Tables 4-
4 and 4-5 for details). capp is presented by its equivalent suction in SIGMA/W.   
The results indicate that when capp increases, the FS with the highest probability of occurrence 
increases. As an example Figure, 6-12 (a) shows that FS (with the highest probability of 
occurrence) increases from 1.5 to 1.7 to 2.25 when the capp increase from 5 to 10 to 15 kPa (Case 
S1).  
These results also illustrate that the variation of highest probability of occurrence for FS due to 
the variation of capp is more significant for smaller waste rock piles. As an example in Figure 6-12 
(a) the highest probability of occurrence decreases from 37.8% to 33.9% to 26.8% for capp 
increasing from 5 to 25 kPa, and it decreases from 21.05% to 20.5% to 19.6% in Figure 6-12 (d).  
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Figure 6-12: Distribution functions of FS produced with Monte-Carlo method, COV = 15% for 
selected slip surface involves 60% Ht; capp= 5, 10 and 25 kPa, a) Case S1; b) Case S2; c) Case 
S15; d) Case S16 (see Tables 4-4 and 4-5 for details) 
Figure 6-13 shows the normal distribution of FS for Group 1 (Cases S1, S2, S3, and S4) for slip 
surfaces involving 60%, 70%, and 90% Ht respectively.  
Figure 6-13 (a) presents the slip surface for 60% Ht for Group 1 with three different values of capp 
(= 5 kPa, 10 kPa, 25 kPa, imposed as suction). It shows that (as stated in section 4-5-7) FS̅̅ ̅ tends 
to decrease when the height of the pile increases. As an example, FS̅̅ ̅ decreases from 2.16 to 1.41 
(for capp = 25 kPa) when Ht increases from 20 m to 120 m (Case S1 to Case S4). It indicates that 
when the height of the pile increases the FS̅̅ ̅ decreases even below target FS = 1.5.  
Figure 6-13 (b) and (c) presents FS̅̅ ̅ for slip surface 70% and 90% Ht. The trend for the FS̅̅ ̅ is 
similar for different capp (Group 1) with slip surface involving 60% Ht. A lower capp also results in 
a lower FS̅̅ ̅ . As an example for Case S2, the FS̅̅ ̅ decreases from 1.8 to 1.3 when capp decrease from 
25 kPa to 5 kPa (see Figure 6-13 (b)).   
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Figure 6-13: FS̅̅ ̅  with Monte-Carlo method, COV = 15%, for different capp (= 5, 10 and 25 kPa, 
imposed as suction), Group 1, a) slip surface involving 60% Ht; b) slip surface involving 70% Ht; 
c) slip surface involving 90% Ht 
 
Figure 6-14 (a), (b) and (c) show the changes in RI due to variation of capp and COV = 15% (φꞌ) 
for the Monte-Carlo method with SLOPE/W for Group 1 (Cases S1, S2, S3, S4) for different slip 
surfaces (= 60%, 70% and 90% Ht). It was mentioned in section 2-4-3-4 that RI ≥ 3 represents an 
above average performance for structures like waste rock piles.  
Results indicate that an increase in Ht results in a decrease in the RI. For instance, in Figure 6-14 
(b), (for capp = 10 kPa) an increase of Ht from 20 m to 120 m (Cases S1 to S4) decreases RI from 
2.89 to 1.55. This trend is observed for all the cases.  
The results show that the increase of capp results in the increase of RI (Figure 6-14 (a), (b) and (c) 
respectively) that is more pronounced for smaller waste rock piles. For example, Figure 6-14 (c) 
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indicates that in Case S4, an increase of capp from 5 kPa to 10 kPa to 25 kPa results in an increase 
in the RI from 1.07 to 1.38 to 1.96 for slip surfaces involving 90% Ht.  
Comparison between Figures 6-13 and 6-14 indicate that FS̅̅ ̅ and RI has a direct relationship, and 
they both decrease due to the increase of pile height and decrease of capp value.  
  
 
 
Figure 6-14: RI distribution for COV 15% (ϕꞌ), different capp (= 5, 10 and 25 kPa), Group 1, a) 
slip surface involving 60% Ht; b) slip surface involving 70% Ht; c) slip surface involving 90% Ht 
 
Figure 6-15 shows the relationship between PoF, capp, and Ht of waste rock piles for Group 1. The 
trend shows an increase in PoF due to an increase in Ht (Figure 6-15 (a), (b) and (c)). For 
instance, in Figure 6-15 (a) for capp = 10 kPa, the PoF increases from nearly zero to 4.8 when Ht 
goes from 20 to 120 m (Case S1 to S4).  
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This figure also presents the trend for the PoF as a function of capp. For instance, in Figure 6-15 
(b) Case S3 shows that with capp increases from 5 kPa to 10 kPa to 25 kPa, the PoF decreases 
from 8 to 3.7 to 0.5 for a slip surface involving 70% Ht.  
Comparison between Figures 6-13, 6-14 and 6-15 indicate that the PoF has in inverse relationship 
to RI and FS̅̅ ̅; decrease of FS̅̅ ̅ and RI results in the increase of PoF.  
  
 
 
Figure 6-15: PoF (%) distribution for COV 15%, different capp (= 5, 10 and 25 kPa), Group 1, a) 
slip surface involving 60% Ht; b) slip surface involving 70% Ht; c) slip surface involving 90% Ht 
 
Figure 6-16 shows the variation of FS̅̅ ̅ (related to normal distribution of factor of safety) for 
Group 2 (Cases S11, S12, S13, S14) and Group 3 (S15, S16, S17). Different capp (= 5 kPa, 10 kPa 
and 25 kPa); with COV = 15% (ϕꞌ, sampling distance ½ Ht) is also applied.  
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The results are represented for the slip surfaces involving 60%, 70% and 90% Ht (see Figure 6-16 
(a), (b), (c), (d), (e), (f), (g) and (h)).   
Results in Figure 6-16 (a), (c), (e) and (g) indicate that, increasing capp results in an increase in the 
FS̅̅ ̅ , this trend is more pronounced for smaller waste rock piles; as an example, for Case S12, 
FS̅̅ ̅ increases from 1.8 to 2.5 where capp changes from 5 to 25 kPa (Figure 6-16 (a)).   
For a given capp an increase of Ht results in a reduction in the FS̅̅ ̅ . For instance, for capp = 25 kPa, 
Ht increase from 20 m to 120 m (going from S11 to S14) the FS̅̅ ̅ decreases from 2.6 to 1.9 (Figure 
6-16 (a)).  
The results also indicate that increasing capp results in an increase in the RI (see Figure 6-16 (b), 
(d), (f) and (h)). The increase of pile height results in the reduction of the RI. As an example, the 
value of the RI decreases from 5.7 to 4.5 when the pile height increases from 20 m (Case S11 ) 
and 120 m (Case S14), in Figure 6-16 (b) (for capp = 25 kPa).    
The values of  FS̅̅ ̅ and RI is also changing for different Groups of waste rock piles. Figures 6-16 
(c), 6-16 (c) and 6-16 (g) are used for comparisons. For capp = 25 kPa Cases S4, S14, and S17 
present the FS̅̅ ̅ 1.3, 1.7 and 1.8 respectively. This indicates FS̅̅ ̅ increases due to the addition of 
benches in the pile (for a slip surface involves 90% Ht). Figure 6-16 (c), 6-16 (d) and (h) show 
that RI increased from 1.94 to 4 to 4.3 for Cases S4, S14 and S17 respectively (capp = 25 kPa). It 
indicates the improvement of waste rock pile performance from poor to the above average by the 
addition of benches.   
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Figure 6-16: FS̅̅ ̅ and RI distribution, COV 15% (ϕꞌ), different capp (= 5, 10 and 25 kPa), for slip 
surfaces involving 60% and 90% Ht;  a) FS̅̅ ̅, Group 2 (Cases S11, S12, S13, S14, Ht 20, 40, 80, 
120 m); b) RI, Group 2; c) FS̅̅ ̅, Group 2; d) RI, Group 2; e) FS̅̅ ̅, Group 3 (Cases S15, S16, S17, Ht 
40, 80, 120 m; f) RI, Group 3; g) FS̅̅ ̅, Group 3; h) RI, Group 3 
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6.5.1.2 Normal distribution for both ϕꞌ and capp 
It was shown (section 4-7-5) that FS of a pile largely depends on the capp. SIGMA/W cannot 
perform normal distribution for input/output data (it only accepts a single value of properties such 
as cohesion). Additional calculations were conducted with SIGMA/W (and then SLOPE/W) for 
scenarios with zero suction in the waste rock pile and an imposed C (= capp+ cꞌ). In this case, the 
value of capp (=c) can be represented by a normal distribution instead of using a single value.  As 
mentioned in Section 4-6, the maximum (anticipated) capp value should be lower than about 5 (to 
10) kPa for waste rock, with an average realistic value closer to 1 or 2 kPa (for most waste rocks 
from hard rock mines). However, considering the potential existence of cohesion induced by 
cementation, and also our need to assess the trends and tendencies, a few unrealistically high 
values of cohesion have also been included in the analyses.    
Figure 6-17 represents the normal distribution of FS obtained with Monte-Carlo method 
(SLOPE/W) for Group 2 (Cases S11, S12, S13, and S14, Ht = 20 m to 120 m) to investigate the 
effect of the probabilistic distribution of capp and height of the waste rock pile. Effective internal 
friction angle ϕ' = 37° for waste rock, with COV = 15% (ϕꞌ and c). The results indicate that as C 
(= cꞌ+capp) increase FS̅̅ ̅ increase. As an example Figure, 6-17 (a) shows that when capp changes 
from 5 to 10 to 25 kPa (with some unrealistically high values for the apparent cohesion, as stated 
above and also in Section 4-6), FS̅̅ ̅ changes from 2.03 to 2.27 to 2.5. It worth noting, in this case, 
the probability of occurrence for FS̅̅ ̅ is changing from 19% to 35.5% when C goes from 5 to 15 
kPa. It is observed for larger piles (Figure 6-17 (c) and (d)), the difference between the normal 
distribution of FS due to C values is less pronounced compared to smaller piles (Figure 6-17 (a) 
and (b)). However, in all cases, a higher C results in a higher FS̅̅ ̅.  
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Figure 6-17: Normal distribution of FS for slip surface involving 60% Ht obtained with Monte-
Carlo method (SLOPE/W), COV= 15%, C (=5, 10 and 15 kPa); a) Case S11; b) Case S12; c) 
Case S13; d) Case S14 
Figure 6-18 presents FS̅̅ ̅, RI and the PoF obtained with SLOPE/W for Group 2 (Cases S11, S12, 
S13, and S14, two benches pile, Ht= 20, 40, 80 and 120 m respectively). The COV = 15% (φꞌ and 
C), with a sampling distance ½ Ht. It is observed that FS̅̅ ̅ for each case increases with the increase 
of C. As an example, for Case S11, increasing the C from 5 kPa to 15 kPa results in an increase 
of FS̅̅ ̅ from 2 to 2.5 (Figure 6-18 (a)). RI also increases due to increase of C (Figure 6-18 (b)). As 
stated before, a larger RI means a lower PoF, which corresponds to the trend presented in Figure 
6-18 (c).  
245 
 
 
 
 
 
 
 
Figure 6-18: Distribution of FS̅̅ ̅, RI and PoF obtained with the Monte-Carlo (SLOPE/W), COV = 
15%  (φꞌ and C), C = 5, 10 and 15 kpa, Group 2 (Cases S11, S12, S13, S14, Ht = 20, 40, 80, 120 
m); a) FS̅̅ ̅ ; b) RI; c) PoF  
 
Figure 6-19 presents the normal distribution of the factor of safety calculated with Monte-Carlo 
method (SLOPE/W) for Group 4 (Cases S21, S22, S23 and S24, Ht = 20 m to 120 m) to 
investigate the effect of probabilistic distribution for capp (C= 5, 10 and 25 kPa) with COV 15%, 
with ϕ'= 37° for a critical local slip surface.  
It is observed that by increasing C, the FS̅̅ ̅  increases and the normal distribution of FS tend to 
move to the right (with an increase of FS̅̅ ̅). The probability of occurrence though does not present 
a specific trend.  
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Figure 6-19: Normal distribution of FS for local slip surface obtained with Monte-Carlo method ( 
SLOPE/W), COV 15% (ϕꞌ and C), C (=5, 10 and 15 kPa); a) Case S21; b) Case S22; c) Case S23; 
d) Case S24 
Figure 6-20 illustrates FS̅̅ ̅, RI and the PoF calculated with SLOPE/W for COV = 15% (φꞌ and C, 
sampling distance ½ Ht). Figure 6-20 (a) shows that FS̅̅ ̅ for each case decreases when the C 
decrease. As an example in Case S21, reduction of C from 15 kPa to 5 kPa results in the decrease 
of FS̅̅ ̅ from 2.3 to 1.6.  
Figure 6-20 (b) indicates that a reduction of C results in the fall in the RI, Figure 6-20 (c) also 
shows that a decrease in C results in the increase of PoF. As an example, when C decreases from 
15 kPa to 5 kPa for Case S24, RI also decreases 2.5 to 1.5, where the PoF increases from nearly 
zero to almost 8%. It is noted that an increase of the pile height results in a decrease of FS and RI 
and an increase of PoF. The increase of FS due to an increase of C is more pronounce for smaller 
piles (compare Case S21 and S24 in Figure 6-20 (a)).  
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Figure 6-20: Distribution of FS̅̅ ̅, RI and PoF obtained with Monte-Carlo (SLOPE/W), COV = 
15% (ϕꞌ and C = 5, 10 and 15 kpa), Group 2 (Cases S21, S22, S23, S24); a) FS̅̅ ̅ ; b) RI; c) PoF 
6.5.2 Effect of the number of benches (pile geometry)  
Probabilistic analyses were also conducted to study the effect of adding benches into a waste rock 
pile. For this purpose, three different Groups are considered. Group 1 (Cases S1, S2, S3, S4; Ht = 
20 m to 120 m) represents single bench pile (with β = ɑ = 37°); Group 2 (Cases S11, S12, S13, 
S14; Ht = 20 m to 120 m) represents two bench piles (with β = 37°, ɑ = 26°); Group 3 (Cases 
S15, S16, S17; Ht = 40 m to 120 m) represents three bench piles (with β = 37°, ɑ = 26°, see 
details in Tables 4-4 and 4-5) with ϕꞌ = 37°, COV = 15%, capp = 5 kPa (single value, imposed by 
suction; this value of capp is considered as an upper bound for realistic conditions in waste rock; 
see above and  Section 4.6) and sampling distance ½ Ht. The results are shown for three different 
slip surfaces involving 60%, 70% and 90% of Ht.  
Figure 6-21 (a) and (c) show that FS̅̅ ̅ is larger for the two-bench piles (Group 2) compared with 
the single-bench piles (Group 1) and in Figure 6-21 (e) the FS̅̅ ̅  for the three-bench piles (Group 
3) are larger compared to single-bench (Group 1) and two benches (Group 2) at a given height, 
though the difference is more pronounced between Group 1 and Group 2 (or 3, due to lower 
global slope angle in Group 2 and 3, α = 26° versus α = 37°).  RI also increases due to the 
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addition of benches. Figure 6-21 (b), (d) and (f) show that for different slip surface configurations 
(involving 60%, 70% and 90% Ht), the RI for Group 3 is larger compared to Group 2 and Group 
1. When waste rock pile consist of benches, both FS̅̅ ̅ and RI increase (more stable).   
  
  
  
Figure 6-21: Effect of number of benches on FS̅̅ ̅ and RI, COV = 15% (ϕꞌ), sampling distance ½ 
Ht, capp= 5 kPa, Group 1 (Cases S1, S2, S3, S4, Ht = 20, 40, 80, 120 m), Group 2 (Cases S11, 
S12, S13, S14, Ht = 20, 40, 80, 120 m), Group 3 (Cases S15, S16, S17, Ht = 40, 80, 120 m); a) 
FS̅̅ ̅ , slip surface 60% Ht, Groups 1 and 2; b) RI, slip surface 60% Ht, Groups 1 and 2; c) FS̅̅ ̅ , slip 
surface 70% Ht , Groups 1 and 2; d) RI, slip surface 70% Ht, Groups 1 and 2; e) FS̅̅ ̅ , slip surface 
90% Ht Groups 1, 2 and 3; f) RI, slip surface 90% Ht , Groups 1, 2 and 3 
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6.5.3 Effect of compacted layers 
It was mentioned in section 2-1-2 that due to the method of construction of waste rock piles, the 
internal geometry might include layers that are horizontal, slightly inclined or even parallel to the 
slope. In this section, different configurations of these layers (see Tables 4-4 and 4-5 for details) 
within the pile are studied through probabilistic analyses to show their effect on the stability of 
the waste rock pile.   
 
Piles with two benches without and with horizontally compacted layers 
Figure 6-22 shows the normal distribution of FS obtained with the Monte-Carlo simulations 
(SLOPE/W, FE stress-based method) for slip surfaces involving 60% Ht, with COV = 15% (ϕꞌ), 
sampling distance ½ Ht and capp = 1 kPa. Two groups of waste rock piles are presented here: 
Group 2 (pile with two benches, Cases S11, S12, S13, S14; Ht = 20 m to 120 m) and Group 4 
(pile with two benches and two horizontally compacted layers, Cases S21, S22, S23, S24; Ht = 20 
m to 120 m, see Tables 4-4 and 4-5 for more details).   
The results show that for any given case from Group 2, addition of compacted layer(s) results in a 
slight increase of FS̅̅ ̅ and its related probability of occurrence (Figure 6-22 (a), (b), (c) and (d)). 
Such as increase of  FS̅̅ ̅ from 1.69 to 1.79 and probability of occurrence from 19.6% to 21.3%  
(Figure 6-22 (a)).  
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Figure 6-22: Effect of horizontal layers on the normal distribution of FS, COV 15% (ϕꞌ), slip 
surface involving 60% Ht, capp= 1 kPa, Group 2 (Cases S11, S12, S13, S14, Ht = 20 m to 120 m), 
Group 4 (Cases S21, S22, S23, S24, Ht = 20 m to 120 m); a) Cases S11 vs S21; b) Cases S12 vs 
S22; c) Cases S13 vs S23; d) Cases S14 vs S24  
 
Figure 6-23 presents the results obtained (FS̅̅ ̅ and RI) from probabilistic analyses ( Monte-Carlo 
method) with SLOPE/W (FE stress-based method) COV= 15% (φꞌ), sampling distance ½ Ht and 
slip surfaces involving 60%, 70% or 90% Ht for Group 2 (Cases S11, S12, S13, S14; Ht = 20 m 
to 120 m; pile with two benches) and Group 4 (Cases S21, S22, S23, S24; Ht = 20 m to 120 m; 
piles with two benches and two compacted waste rock layers). Figure 6-23 (a), (c) and (e) 
represents the changes in FS̅̅ ̅ for slip surfaces involving 60%, 70%, and 90% Ht. Results indicate 
that addition of compacted layers increases FS̅̅ ̅. This effect is more pronounced for smaller piles 
and for slip surfaces with lower heights (e.g., Ht = 20 m and slip surface = 60% Ht). In larger 
piles, the effect of compacted layers is less significant. 
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Increasing the total height of the pile decreases FS̅̅ ̅ . This effect is more pronounced for smaller 
piles. It is also noted that for slip surface involved a higher portion of Ht, the difference of FS̅̅ ̅ 
between Group 2 and 4 decreases; this means that the effect of compacted layers addition is more 
pronounced for smaller slip surfaces.  
Figure 6-23 (b), (d) and (f) show the changes in RI when horizontally compacted layers are added 
to the pile. It can be observed that adding these layers (Group 4) results in a higher RI (i.e. more 
stable piles). This increase is more pronounced for slip surfaces involving 60% Ht compare to 
deeper (larger) slip surfaces. The changes in RI are less significant for higher slip surfaces. The 
PoF for these cases is very close to zero, and it is not presented here.  
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Figure 6-23: Effect of addition of compacted layers on FS̅̅ ̅ and RI, COV 15% (ϕꞌ), capp= 1 kPa, 
slip surface involving 60%, 70% and 90% Ht, capp= 1 kPa, Group 2 (Cases S11, S12, S13, S14, Ht 
= 20, 40, 80, 120 m), Group 4 (Cases S21, S22, S23, S24, Ht = 20, 40, 80, 120 m); a) FS̅̅ ̅ , slip 
surface 60% Ht; b) RI, slip surface 60% Ht; c) FS̅̅ ̅ , slip surface 70% Ht; d) RI, slip surface 70% 
Ht; e) FS̅̅ ̅ , slip surface 90% Ht; f) RI, slip surface 90% Ht 
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Pile with three benches without and with horizontally compacted layers 
Figure 6-24 shows the normal distribution of FS obtained with Monte-Carlo simulations 
(SLOPE/W, FE stress-based method) for Group 3 (Cases S15, S16, S17; Ht = 40 m to 120 m; 
piles with three benches) and Group 5 (Cases S25, S26, S27; piles with three benches and 
horizontal compacted layers). COV = 15% (ϕꞌ) and sampling distance is ½ Ht and slip surfaces 
involve 60%, 70% or 90% Ht. The results indicate that addition of compacted layers results in a 
slight increase in FS̅̅ ̅ moreover, its related probability of occurrence (Figure 6-24 (a), (b) and (c)).  
 
  
 
 
Figure 6-24: Effect of horizontal compacted layers on normal distribution of FS, COV 15% (ϕꞌ), 
capp= 1 kPa  and 2.5 kPa for loose and compacted waste rock, Group 3 (Cases S15, S16, S17, Ht = 
40, 80, 120 m), Group 5 (Cases S25, S26, S27, Ht = 40, 80, 120 m); a) slip surface involving 60% 
Ht, Cases S15 vs. S25; b) slip surface involving 70% Ht, Cases S16 vs. S26; c) slip surface 
involving 90% Ht, Cases S17 vs. S27 
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Figure 6-25 presents the results obtained with the Monte-Carlo method (SLOPE/W, FE stress-
based method), with COV = 15% (φꞌ) and sampling distance ½ Ht for slip surfaces involving 
60%, 70%, and 90% Ht. The results show the calculated values for FS̅̅ ̅ and RI of Group 3 (Cases 
S15, S16, S17; Ht = 40, 80, 120 m, pile with three benches) and Group 5 (Cases S25, S26, S27; 
Ht = 40, 80, 120 m, piles with three benches and compacted waste rock layers).   
Figure 6-25 (a), (c) and (e) present the variation of FS̅̅ ̅  for slip surfaces involving 60%, 70%, and 
90% Ht respectively. The trend is similar to results represented for Groups 2 and 4 (see Tables 4-
4 and 4-5 for details). Addition of compacted layers to a three bench pile increases FS̅̅ ̅; this effect 
is more pronounced for smaller piles and larger slip surfaces.  
As an example, waste rock pile with Ht = 40 m and slip surfaces of 70% and 90% Ht show more 
significant changes.  Figure 6-25 (b), (d) and (f) presents the changes in RI when the horizontally 
compacted layers are added. Group 4 leads to a higher RI (i.e. more stable piles) compared to 
Group 3. This increase is more pronounced for slip surfaces involving 70% or 90 % Ht.  
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Figure 6-25: Effect of compacted layers on FS̅̅ ̅ and RI, COV 15% (ϕꞌ), sampling distance ½ Ht, 
capp= 1 kPa and 2.5 kPa for loose and compacted waste rock, Group 3 (Cases S15, S16, S17, Ht = 
40, 80, 120 m), Group 5 (Cases S25, S26, S27, Ht = 40, 80, 120 m); a) FS̅̅ ̅, slip surface involving 
60% Ht; b) RI, slip surface involving 60% Ht; c) FS̅̅ ̅, slip surface involving 70% Ht; d) RI, slip 
surface 70% Ht; e) FS̅̅ ̅, slip surface involving 90% Ht; f) RI, slip surface involving 90% Ht 
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Horizontal versus 5% inclined compacted layers  
Group 6 (Cases S35, S36, S37, S38, Ht = 20, 40, 80, 120 m) represents waste rock piles with 5% 
inclined compacted layers towards the outside of the pile; Group 4 (Cases S21, S22, S23, S24, Ht 
= 20, 40, 80, 120 m) represents piles with horizontal compacted layers. COV is 15% (ϕꞌ, ϕ′̅̅̅ = 37° 
and 45° for loose and compacted waste rock respectively) and capp = 1 kPa.   
Figure 6-26 (a), (c) and (e) present FS̅̅ ̅ obtained (Monte-Carlo method) with SLOPE/W (FE 
stress-based method) for slip surfaces involving 60%, 70% and 90% Ht for Groups 4 and 6.  
They show that, for a relatively small slip surfaces (e.g. 60% and 70% Ht), FS̅̅ ̅ is higher for the 
cases in Group 4 compared to Group 6, while for deeper slip surfaces (e.g. 90% Ht), FS̅̅ ̅  is higher 
for cases in Group 6.   
A similar trend is obtained for RI. Figure 6-26 (b), (d) and (e) gives a higher RI for Group 4 
compared to Group 6 when the slip surface is 60% and 70% of Ht; RI is lower for Group 4 
compared to Group 6 for slip surface 90% Ht.  
This suggests that an inclined layer may slightly reduce the stability of a waste rock pile for the 
local slip surfaces; as the slip surfaces tend to become larger, the stability of a pile with inclined 
layers may be improved (at least when there is no water infiltration). 
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Figure 6-26: Effect of inclined layers on FS̅̅ ̅ and RI, COV 15% (φꞌ), sampling distance ½ Ht, capp= 
1 kPa, Group 4 (Cases S21, S22, S23, S24, Ht = 20, 40, 80, 120 m), Group 6 (Cases S35, S36, 
S37, S38, Ht = 20, 40, 80, 120 m); a) FS̅̅ ̅, slip surface involving 60% Ht; b) RI, slip surfaces 
involving 60% Ht; c) FS̅̅ ̅, slip surface involving 70% Ht; d) RI, slip surface involving 70% Ht; e) 
FS̅̅ ̅, slip surface involving 90% Ht; f) RI, slip surface involving  90% Ht 
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Alternate layers parallel to the slope  
Probabilistic analyses were conducted with the Monte-Carlo method in SLOPE/W to assess the 
effect of alternate layers parallel to the slope. The COV is 15% for ϕꞌ (ϕ′̅̅̅  = 37° and 45° for loose 
and compacted waste rock respectively) and capp = 1 kPa (which is considered a realistic average 
value for waste rock).   
Results related to Group 4 (Case S21; horizontally compacted layers), Group 6 (Case S35, 5% 
inclined compacted layers), Group 8 (Case S41, horizontal and alternate layers), Group 9 (Case 
S51, 5% inclined and alternate layer) are presented and compared in Figure 6-27. It can be 
observed that for the different slip surfaces (involving 60%, 70% or 90% Ht), FS̅̅ ̅  is higher for 
Group 8 (Case S41) compared to Group 4 (S21) (see Figure 6-27 (a)).  
A similar trend is noted while comparing Group 6 (Case S35) and Group 9 (Case S51); for 
instance, for a slip surface involving 70% Ht, FS̅̅ ̅  increases from 1.76 to 1.87 for the pile with 
inclined compacted layer and pile with inclined compacted and alternate layer (see Figure 6-27 
(c)).  
RI presents similar trend to FS̅̅ ̅. Figure 6-27 (b) and (d) show that RI increases when alternate 
layers are added (Cases S41, S51). Having either horizontal or inclined 5% layers with alternated 
layers within a pile may increase the FS̅̅ ̅  and RI compared to cases with only horizontal or 
slightly inclined compacted layers.  
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Figure 6-27: Effect of alternate layers on FS̅̅ ̅ and RI, COV 15% (φꞌ), sampling distance ½ Ht, slip 
surface involving 60%, 70% and 90% Ht, capp= 1 kPa, Group 4 (Case S21), Group 6 (Case S35), 
Group 8 (Case S41), Group 9 (Case S51); a) FS̅̅ ̅ Cases S21 vs. S41; b) RI Cases S21 vs. S41; c) 
FS̅̅ ̅ Cases S35 vs. S51; d) RI Cases S35 vs. S51 
 
Figure 6-28 presents FS̅̅ ̅, and RI obtained with the Monte-Carlo simulation (SLOPE/W, FE 
stress-based method) for COV = 15% (φꞌ), sampling distance ½ Ht (= 20 m). Figure 6-28 (a) 
presents the result of Group 4 (Case S22), Group 6 (Case S36), Group 8 (Case S42) and Group 9 
(Case S51). It can be seen that regardless the depth of the slip surface (involving height 60%, 
70% or 90% Ht), FS̅̅ ̅  is higher for Group 8 (Case S42) compared to Group 4 (S22), which is the 
trend in Figure 6-27 (a).  
For a slip surface involving 60% Ht, FS̅̅ ̅ Increases from 1.7 to 1.73 for cases S22 and S42, (see 
Figure 6-28 (a)). A similar pattern is seen for Group 6 (Case S36) and Group 9 (Case S51).  RI 
also presents identical pattern. For instance, for a slip surface involving 90% Ht, RI increases 
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from 3.4 to 5.3 when alternating layers are added to the waste rock pile (Case S22 to S42) (see 
Figure 6-28 (b)).   
  
  
Figure 6-28: Effect of alternate layers on FS̅̅ ̅ and RI, COV 15% (φꞌ), sampling distance ½ Ht, slip 
surface involving 60%, 70% and 90% Ht, capp= 1 kPa, Group 4 (Case S22), Group 6 (Case S36), 
Group 8 (Case S42), Group 9 (Case S51); a) FS̅̅ ̅ Cases S21 vs. S41; b) RI Cases S21 vs. S41; c) 
FS̅̅ ̅ Cases S35 vs. S51; d) RI Cases S35 vs. S51 
 
Relationship between FS and thickness of compacted layers  
A sensitivity analysis was performed to assess the relative impact of the compacted layers 
thickness on stability. Since a variable layer thickness can not be regarded statistically in slope, 
this effect is reviewed by looking at various configurations and potential slip surfaces.  
These analyses are conducted on a waste rock pile (Case 22) with horizontally compacted layers 
with variable thickness; i.e. 1 m, 2 m, 3 m and 4 m (presented here as the ratio to Ht, (e.g. 0.025, 
0.05, 0.075 and 0.1). 
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The results related to Case S22 are presented for a global slip surface passing through the toe, 
Figure 6-29 (e)). Figure 6-29 shows the normal distribution of factor of safety Figure 6-29 (a), FS̅̅ ̅ 
6-29 (b), RI 6-29 (c) and PoF 6-29 (d). FS̅̅ ̅ tends to increases when the layer is thicker. For 
example, when the layer thickness changes from 0.025 to 0.1 Ht, FS increases from 
approximately 1.54 to 1.59 (see Figure 6-29 (b). 
It is indicated the normal distribution of FS is not very sensitive to layer thickness; the standard 
deviation and maximum probability of occurrence of a factor of safety do not show significant 
changes.  
The same trend is shown for RI. When the layer thickness increases from 0.025 to 0.1 Ht, RI 
increases from 3.2 to 3.55 (see Figure 6-29 (c)).  
Increasing the layer thickness decreases the PoF; for an increase in layer thickness from 0.025 to 
0.1, PoF decreases from 0.014% to nearly zero. The impact of such an increase on the PoF 
rounded to 6 decimal points is not visible. 
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Figure 6-29: The effect of horizontal layer thickness on the slope stability obtained with Monte-
Carlo method (SLOPE/W), COV 15% (φꞌ), sampling distance ½ Ht, global slip surface, capp= 1 
kPa, Case S22; a) FS normal distribution; b) FS̅̅ ̅; c) RI; d) PoF 
 
6.5.4 Effect of the groundwater level and rainfall  
Another addressed issue is the effect of the elevation of the phreatic surface on slope stability. A 
sensitivity analysis was conducted to evaluate the effect of the groundwater level on the output 
variables from stability analyses. The results are related to Case S11 with capp =1 kPa (i.,e. 
realistic average value for waste rock) and three groundwater level -7 m, -3 m and -1 m below the 
base of the pile.  
Figure 6-30 presents that increasing the depth of underground water results in a slight decrease in 
FS̅̅ ̅ and RI (see Figure 6-30 (a) and (b)), whereas the standard deviation and PoF remain almost 
unchanged. 
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Figure 6-30: Effect of the groundwater level on the probabilistic analysis of slope stability, COV 
15% (φꞌ), sampling distance ½ Ht, global slip surface, capp= 1 kPa, foundation silty sand, Case 
S11; a) FS̅̅ ̅; b) RI; c) PoF and standard deviation 
 
Effect of rainfall  
Rainfall infiltration has been one of the leading causes of landslides. The effect of infiltration and 
expansion of the wetting front on PoF of a waste rock pile is presented in this section.  
Three different Cases S11, S21, and S35 are presented with the initial matric suction of 6 kPa 
under three different rainfalls (R 1, R 2-1, R 3-3, Table 51). The foundation material is the silty 
sand, and the groundwater level is 7 m below the ground.  
Figure 6-31 (a), (b) and (c) represent the changes in PoF under rainfalls with different intensities 
for a critical local slip surface. It shows the lower PoF belongs to case S21 (two benches with 
horizontally compacted layers). The PoF tends to increase under the rainfall (due to a decrease of 
FS and reduction of suction) for all the cases.   
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Figure 6-31: Effect of rainfall infiltration on PoF of local slip surface, COV 15% (φꞌ), Cases S11, 
S21, S35; a) Rainfall R 3-1; b) Rainfall R 3-2; c) Rainfall R 3-3  
 
6.5.5 Summary and complimentary remarks 
The results from the probabilistic analyses indicate that not all of the parameters’ uncertainties 
have an effect on the pile stability and related indicators (i.e. FS̅̅ ̅, PoF, RI). For instance, it has 
been observed that the unit weight does not significantly affect FS̅̅ ̅ and its normal distribution 
function.  
The results also indicated that decreasing sampling distance leads to a decrease of PoF. A higher 
coefficient of variation (COV) for strength properties results in a lower RI and a higher PoF; the 
COV does not affect FS̅̅ ̅ significantly.  
Apparent cohesion has a positive effect on the stability of the pile (as shown in section 4-5-7). 
Results shown here indicate that an increase of apparent cohesion (normal distribution, instead of 
a single value) may result in an increase of FS̅̅ ̅ and RI and a decrease of PoF. As water infiltration 
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may affect the apparent cohesion (increase or decrease), it can also affect the PoF of waste rock 
piles (when considering the stochastic distribution of hydrogeological properties; Fala, 2008).  
Increasing the height of the pile results in a decrease in FS̅̅ ̅ and RI and increase the PoF   
The results also showed that adding benches can increase the value of  FS̅̅ ̅ and RI and decrease 
that of the PoF.  
Compacted layers (horizontal or inclined) can also impact the factor of safety. These usually 
increase the values of FS̅̅ ̅ and RI; this effect is more pronounced for smaller piles. Inclined layers 
may, however, have a negative impact on the stability of the pile when considering local 
(shallow) slip surfaces (contrary to deeper slip surfaces). The increase of layer thickness results in 
an increase of RI. Alternated layers along the external slope may help increase FS̅̅ ̅. Combinations 
of both horizontal and alternate layers usually result in more stable piles (for the conditions 
assessed here).  
6.6 General synthesis and discussion  
The original purpose of this study was to develop and apply a systematic procedure to assess the 
stability of unsaturated waste rock piles and to better understand slope behavior under various 
climatic conditions. This further understanding of the influence factors should lead to improved 
design of waste rock piles.  
This thesis specifically investigated (analyzed) the effect of internal features and external 
geometry of waste rock piles, material properties (geotechnical and hydraulic), and boundary 
conditions (with transient or quasi-stationary recharge), on pile stability.   
The failure of waste rock piles can be a relatively complex process because of their complex 
nature. Numerical models were used with typical data (properties and characteristics) to assess 
the response of idealised piles, which are in many ways similar to existing waste rock piles (such 
as those described by: (Fala, 2002, 2008; Anterrieu et al., 2010; Dawood et al., 2011; Dawood 
and Aubertin, 2014).  
One of the main limitations of this study is the lack of experimental data and field validation. 
Nonetheless, some validation of the calculations have been performed by comparing  the results 
obtained with the codes for  single bench waste rock piles  with the Simplified Bishop Method 
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and the graphical solution (Charts) proposed by Cousins (1978) – see Appendix A-1 ;  a few 
other comparative analyses for the slope stability of different cases  are also presented in 
Appendix  A-1. 
The main objectives of the research project are listed in Chapter 1. Results presented in the thesis 
(particularly in Chapters 4, 5 and 6) indicate that these objectives have been met. The following 
recalls and briefly discusses the main outcomes from the various components of the project.  
Chapter 2 presented a fairly extensive review of previous work on waste rock piles. This 
information was used to determine the range of waste rock properties and pile characteristics to 
be employed in the parametric analyses. The models used here assumed that the waste rock piles 
are constructed by push or end dumping methods and that they remain under unsaturated 
conditions (with a water table below the natural ground surface). Waste rocks have a wide grain 
size distribution and are heterogeneous. The pile construction methods often lead to a complex 
internal geometry that may include layers with different grain sizes and degrees of compaction. 
Sub-horizontal layers are formed by the passage of heavy equipment in the core of the pile; this 
feature is taken into account in the analyses performed in the thesis. 
Chapter 3 describes the methodology applied based on numerical analyses. These make use of 
three Geostudio 2007 codes: SEEP/W, SIGMA/W, and SLOPE/W (GeoSlope International Ltd, 
2008) to conduct partly coupled analyses.  For cases under constant (unchanging) conditions, a 
combined  FEM stress distribution-slope stability analysis procedure has been adopted. For cases 
with transient rainfalls (short term and long term), the analyses involved the combined use of 
two-dimensional finite-element seepage, stress distribution, and slope stability analysis. In these 
transient analyses, the solution is obtained by solving the seepage equations first and then 
entering the results into the stress state and slope stability calculations 
Appropriate material properties, boundary conditions, time-steps and mesh size have been 
considered. The study is based on 2D‐analyses of slopes for circular or optimised (quasi-circular) 
local and global slip surfaces; as mentioned, it combines limit equilibrium and finite element 
stress analyses. The results first deal with simple waste rock piles, and progressively address 
increasing complexity.   
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Chapter 4 presents a fairly extensive parametric study carried out to determine the effects of 
internal and external geometry (including slope angle, pile height, the number of benches and 
compacted layers) and waste rock properties (i.e. internal friction angle and apparent cohesion) 
on the slope stability of waste rock piles. A combination of finite element stress analyses and 
limit equilibrium analyses was used to assess slope stability. These calculations have led to the 
following results and observations: 
 The increase of the internal friction angle ꞌ has a positive effect on the stability of waste rock 
piles; increasing the value of ϕꞌ results in an increase in the factor of safety FS of the slope.  
 Unsaturated soil mechanics principles and theory are used to assess the stability of 
unsaturated piles.  These indicate that an evolving matric suction may increase the effective 
stress, σ' and the available shear strength. This effect enables slopes to remain stable at angles 
close to (and even in excess of) their internal friction angle (ꞌ). The analyses specifically 
showed how the apparent cohesion capp might have a positive effect on the stability of a waste 
rock pile, by increasing the value of the factor of safety FS; this applies to various waste rock 
pile configurations (i.e. simple bench or multiple benches, with or without compacted layers). 
The analyses also indicate that a higher value of capp may result in a deeper slip surface, with 
the sliding plane moving toward the toe of the pile.  
 As expected, the results indicate that the pile geometry also has a significant impact on the 
factor of safety. Increasing the height of the pile results in a decrease of FS, while decreasing 
the slope angle increases the factor of safety.  The results also confirmed that smaller piles 
with flatter slope are more stable. These geometrical effects are more pronounced for waste 
rock with a higher apparent cohesion (capp).  
 When different than the local angle  (for a single bench), the overall slope angle α of the pile 
(for two or more benches) can also affect the factor of safety. Increasing the overall slope 
angle α results in a decrease of the factor of safety FS.  
 The results specifically showed the major influence of pile height, with an increase resulting 
in the decrease of FS. However, this effect can be partly offset by breaking down the pile into 
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(two, three or more) benches, which tends to increase of a factor of safety. This positive effect 
of adding benches is largely related to the decrease of global slope angle α.  
 Another feature that can impact the factor of safety is the existence of compacted layers 
(horizontal or inclined) within the waste rock pile. The outcomes of this investigation showed 
that horizontally compacted layers usually increase the FS; this effect is more pronounced for 
smaller piles (due to the higher ratio of layer thickness to the total pile height). Slightly 
outward inclined layers (5%) can also increase the value of FS for global (deep) slip surfaces. 
Alternated layers parallel to the slope may also increase FS.   
 Analyses that consider the effect of the normal stress on the value of ϕꞌ (which may then 
decrease with depth due to particle crushing) indicate that using a single and constant value of 
ϕꞌ for the entire pile may not be conservative (as this can lead to a larger FS).   The effect of 
an increased density (and strength) with depth in the pile has not been considered here. 
Chapter 5 investigated the variation of the apparent cohesion and factor of safety during and after 
rainfalls. The results indicate slopes may fail due to heavy rainfalls because of an increase of the 
degree of saturation that may cause a decrease of matric suction and the related additional shear 
strength due to capp. The suction in the unsaturated pile is directly affected by infiltration due to 
rainfall on the surface. The results illustrate how the rate of infiltration and development of the 
wetting front are impacted by hydraulic properties of waste rock (i.e. WRC and hydraulic 
conductivity function).  Several transient, two-dimensional finite-element seepage simulations 
were conducted to determine the distribution of pore water pressures and the effect on the pile 
stability, using a combination of analyses performed with SEEP/W, SIGMA/W and SLOPE/W.  
Varying rainfall intensities were considered with five different geometries, under short-term 
transient and (pseudo) steady-state conditions. The results conducted from these simulations were 
compared to determine the general effects of each parameter on the stability of the slope. The 
obtained results illustrated the complexity of unsaturated flow in waste rock piles and helped 
identify key trends. The main results and observations from this part of the study can be 
summarised as follows: 
 The rate of rainfall infiltration relates to the initial water content and suction in the waste 
rock, together with material hydrogeological properties.  
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 When the effective cohesion of waste rock is close to zero (c’ = 0), as is usually the case,  
only capp contributes to total cohesion C, as part of the material shear strength. A reduction of 
this apparent cohesion (with infiltration) then favours the development of shallow slip 
surfaces (with a reduction of FS). Rainfall infiltration reduces the suction near the surface; in 
turn, the apparent cohesion can approach zero, and shallow slips may then occur. For a given 
rainfall (constant intensity and duration), a low to moderate initial suction tends to dissipate 
more rapidly compare to a high suction in the waste rock (in part due to the smaller 
unsaturated hydraulic conductivity of the latter). These results suggest that rainfalls may 
preferentially lead to shallow landslides along the slope of waste rock piles (at least in the 
short term). 
 Rainfall infiltration and its effect on matric suction and strength decrease in the waste rock 
typically has a fairly limited effect on the stability of the slope. In most cases (considered 
here), the decrease of FS is not very significant (compare to other influence factors).  
 Results also showed that horizontal, inclined and alternate layers can help control the 
expansion of the wetting front (compared to homogeneous piles). Slightly inclined (5%) 
compacted layers may be more beneficial for the global (deep slip) stability, compared to 
horizontally compacted layer (more efficient to prevent shallow slips), because the former 
favors the movement of infiltrated water outward instead of inside the pile.  
 It was observed that for a given set of characteristics (i.e. waste rock initial water content, 
slope geometry, water table position), the factor of safety of the slope tends to decrease 
(evolve) more rapidly as rainfall intensity increases.   
 The anisotropic conductivity ratio (kx / ky) (in SEEP/W presented as kx / ky) has an impact on 
the factor of safety due to its effect on rainfall infiltration. Decreasing the ratio (kx / ky) results 
in an increase in water infiltration rate and expansion of the wetting front deep in a pile, and a 
decrease of the factor of safety.  
 The external geometry of the waste rock pile has more influence on the factor of safety 
compare to other parameters (such as the amount of rainfall). Homogenous waste rock piles 
with a single bench usually give the lowest factor of safety. Adding benches can increase the 
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value of FS very significantly. Compacted layers may help increase the factor of safety and so 
are alternate layers parallel to slope; their effect on the factor of safety is however much more 
limited compared to that of external geometry and global slope angle.   
Chapter 6 includes analyses carried out to demonstrate that assessing only the “classical” factor 
of safety of a pile may not be sufficient. Waste rock properties may vary widely in a pile, and this 
creates uncertainty for slope stability; it was deemed important to consider these uncertainties in 
the investigation. The main results in this chapter can be summarized as follows:  
 The value of the coefficient of variation (COV), applied to geotechnical properties, has a 
significant impact on the safety of a pile. A larger COV results in a higher standard deviation, 
lower Reliability Index (RI) and a higher Probability of failure (PoF) for the waste rock pile. 
  Varying the sampling distance also evaluated the importance of spatial variability; an 
increase of this sampling distance tends to reduce the factor of safety and increase the 
probability of failure.   
 As was observed in Chapter 4,  increasing the total height of pile results in a reduction of the 
mean FS, and also of the reliability index (RI). Adding benches to the pile results in the 
increases in the mean FS and reliability index (RI) and a reduction in the probability of failure 
(PoF).  
 The tendencies briefly described above apply to the effect of the COV for both the internal 
friction angle and apparent cohesion.   
 
Despite the valuable information gathered from the many analyses performed and presented in 
this thesis, some notes of caution should be kept in mind when considering these results.  Some 
of these limitations are recalled briefly here. 
This study used a 2D (plane strain), finite element stress distribution combined with analyses 
performed in the framework of a limit equilibrium evaluate slope stability. 3D effects on pile 
geometry and critical slip surface are neglected here.  
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The results of these analyses only indicate whether these failures have a chance to occur, not if 
they will develop.  The approach also neglects how this process evolves, including the potential 
for progressive failure. The effects progressive construction, stress history, and evolving strains 
(and displacements) in the waste rock pile are not addressed in this study.  
These models are using simplified geometry, and tend to ignore the heterogeneity and 
segregation within the slope profile (except in Chap. 6, to some extent).  The analyses also 
neglect groundwater fluctuation and its potential rise due to rainfall infiltration. Spatial variability 
of flow paths (due to spatial variability of material, hydraulic conductivity) and uncertainties in 
boundary conditions are not taken into account either.   
It was assumed the only process that affects seepage within the pile is infiltration; evaporation is 
not explicitly considered (although its effect can be included in the imposed recharge). Also, no 
case with positive pore water pressure within the pile was considered.   The effect of water 
accumulation inside a pile over many years was not addressed either. 
It was also seen that for some simulations, the local FS was smaller than 1 due to some numerical 
convergence issues. In such cases, the neighboring slices usually have a higher local FS that 
compensates for the lower ones. All mobilized and resisting shear forces are then tailed along the 
slip surface and local irregularities are smoothed out with little effect on the total forces. Hence, 
local safety factors that are less than unity can be ignored without affecting the results 
significantly (see SLOPE/W Manual).  
The work presented in this thesis includes the following original and significant contributions to 
the current state of engineering knowledge and practice: 
 Increase understanding of the slope stability behavior of the waste rock piles. 
 Effect of geometric features and their impact on waste rock pile stability (i.e. number of 
benches, compacted layers, slope angle)  
 Material geotechnical properties and their effect on waste rock pile stability  
 Effect of apparent cohesion (due to suction) on stability (usually neglected)  
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 Effect of rainfall infiltration on waste rock pile stability due to various initial boundary 
conditions and, rainfall patterns. 
 Effect of probabilistic distribution of strength parameters on stability. 
 
It can be expected that many of the results presented here can help improve the analysis and 
design of waste rock piles, based on guidelines proposed by the author of this thesis and 
collaborators (e.g. Aubertin et al. 2013).   
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS 
This thesis aimed at expanding our understanding of the slope stability and behavior for the case 
of unsaturated waste rock piles. This research was conducted by performing numerical analyses 
with the finite element method, limit equilibrium methods, and Monte-Carlo probabilistic 
simulations. The information gained from these activities has been combined to explain features 
related to the waste rock piles stability. 
The investigation focussed on parametric analyses that covered different aspects of slope 
stability, for a variety of conditions that are deemed relevant for actual piles in the field. Local 
and global slip surfaces with both circular and non-circular (optimized) shapes are considered in 
the analyses. The results presented here lead to the following conclusions: 
 Different parameters such as material strength (i.e. apparent cohesion and internal friction 
angle) and pile geometry (i.e. height, number of benches, existence of compacted layers, 
global slope angle) can affect the factor of safety of  unsaturated waste rock piles  
 The significance of the various factors is not the same, as the stability of unsaturated waste 
rock pile is more sensitive to some parameters compare to others. The apparent cohesion and 
some geometric components (i.e. addition of benches, adding compacted layers) may have a 
very positive contribution to the factor of safety of waste rock pile. Overall, the factor of 
safety is more sensitive to the external geometric configuration of the pile.  
 Single bench waste rock piles (still commonly used often lead to the lower factor of safety. 
The results of this study indicate that an acceptable factor of safety (particularly for higher 
piles) can be attained by using multiple bench geometry, due to the increased overall slope 
angle. Such benches may also lead to an increase of the reliability index (RI) and a decrease 
of the probability of the failure (PoF). This information can be used for developing more 
stable waste rock pile design with a lower risk of failure.  
 The presence of compacted layers (horizontal or inclined) within the waste rock pile may also 
have a positive impact on the factor of safety and reliability index. This aspect should also be 
considered in designing stable waste rock piles. The behavior of these compacted layers 
should be checked to avoid producing a local perched water table during and after rainfall.   
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 Probabilistic analyses of slope stability indicate that a single value of factor of safety might 
not be sufficient to evaluate the stability of waste rock pile. The outcomes of probabilistic 
analysis, including the reliability index (RI) and the probability of failure (PoF), can be very 
useful (as complementary parameters) for evaluating the stability and risk of failure of waste 
rock piles.    
 Apparent cohesion can be effective for increasing the shear strength in unsaturated waste rock 
piles, but it is safe to neglect this contribution in the slope stability analysis. As shown here, 
rainfall infiltration may result in a decrease of suction and apparent cohesion, which in turn 
results in a decrease of shear strength and factor of safety. This aspect requires a good 
knowledge and understanding of hydraulic properties of waste rock and the internal 
geometric features in a pile (can be difficult in practice).  
 The results of this research project are thus deemed useful to improve the approaches being 
used to analyze and design stable waste rock piles. 
 
Recommendations for future study   
This study has focused on developing the concepts and understanding the waste rock pile slope 
stability regarding different parameters. Future research work could take into consideration the 
following additional components and factors:  
 Performing the slope stability analysis with  three-dimensional models  
 Consider different configurations for the piles and compacted layers; also consider the effect 
of water table increase due to precipitation.  
 Water retention curve and hydraulic conductivity functions are essential factors in modeling 
water flow under unsaturated conditions. Probabilistic analyses should be conducted with 
spatial variation of this hydraulic conductivity during rainfall infiltrations in waste rock piles 
(as was done by Fala, 2008).   
 The physical behavior of waste rock pile is controlled by different parameters including grain 
size distribution (that controls the hydraulic conductivity and flow path within the pile). 
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Further analyses to consider changes in the grain size distribution would be valuable in 
evaluating the long-term slope stability of waste rock piles.  
 This thesis covers only the geotechnical aspects of the waste rock pile stability. However, 
geochemical aspects also must be considered in the design of waste rock piles.  
 Continued work in this area could focus on developing  methods to assess  the effect of  
strain-softening, and weathering on strength, stability and settlements (and potential 
collapse),   
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APPENDICES 
Appendix A – Additional results for Chapter 4 
 
This appendix presents some numerical analyses related to single bench waste rock piles, 
obtained with the Simplified Bishop Method and the graphical solution proposed by Cousins 
(1978). It also presents some back analyses for slope stability of different cases presented in the 
literature. Some additional results related to sections 4-3-2 and 4-7-10 are also included. The last 
part presents the Plate Loading testing to assess the Young modulus (E) of waste rocks, with the 
obtained results.  
 
A-1 Comparison between results obtained with the Simplified Bishop slope stability 
analysis method and Cousin’s Charts 
Slope stability analyses of a single bench waste rock pile (Figure A-1) were conducted with the 
Simplified Bishop Method (available in Slope/W) and with the graphical solution given by the 
Cousins (1978) charts.  The results shown below indicate that there is generally a very good 
agreement between the two approaches; this supports the use of the Slope/W software in this 
investigation. 
 
  
Figure A-1: Slope geometry for Cousinsꞌ charts, adapted from Coduto (1999) 
 
H 
c, ϕ, γ 
α 
R Center of rotation 
Y 
X 
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Figures A-2 to A-6 present the comparison between results obtained with Simplified Bishop 
method (available in SLOPE/W) and from the Cousin’s charts.  
 
Figure A-2: Factor of safety of a single bench homogenous waste rock pile (H = 20 m, α = 26°), 
for different values of ϕ' (= 30 to 45°) and C (= 10, 25 and 50 kPa); results obtained with 
SLOPE/W (Simplified Bishop Method) and from the Cousinsꞌ (1978) charts   
 
 
Figure A-3: Factor of safety of a single bench homogenous waste rock pile (H = 20 m, α = 37°), 
for different values of ϕ' (= 30 to 45°) and C (= 10, 25 and 50 kPa); results obtained with 
SLOPE/W (Simplified Bishop Method) and from the Cousinsꞌ (1978) charts   
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Figure A-4: Factor of safety of a single bench homogenous waste rock pile (H = 40 m, α = 30°), 
for different values of ϕ' (= 30 to 45°) and C (= 25 and 50 kPa); results obtained with SLOPE/W 
(Simplified Bishop Method) and from the Cousinsꞌ (1978) charts   
 
 
 
 
Figure A-5: Factor of safety of a single bench homogenous waste rock pile (H = 40 m, α = 37°), 
for different values of ϕ' (= 30 to 45°) and C (= 25 and 50 kPa); results obtained with SLOPE/W 
(Simplified Bishop Method) and from the Cousinsꞌ (1978) charts   
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Figure A-6: Factor of safety of a single bench homogenous waste rock pile (H = 50 m, β = 37°), 
for different values of ϕ' (= 30 to 40°) and C (= 50 kPa); results obtained with SLOPE/W 
(Simplified Bishop Method) and from the Cousinsꞌ (1978) charts   
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Table A-1: Factor of safety and center of rotation of  single bench homogenous waste rock piles 
with different values of  H (= 20 m, 40 m, 80 m); C (=10 kPa, 25 kPa, 50 kPa); α (= 26°, 30°, 
37°); and ϕ (= 30°, 35°, 40°, 45); results obtained with SLOPE/W (Simplified Bishop Method) 
and from the Cousinsꞌ (1978) charts (see Figures A-2 to A-6) 
No. Properties Obtained with Cousin's Chart 
Obtained with SLOPE/W 
Simplified Bishop Method 
  H (m) α (°)  ϕ (°) 
C  
(kPa) 
FS Y/H(tana) X/H(tana) FS X Y R 
1 20 26 30 10 1.66 1.4 0 1.65 61.1 65.7 57.7 
2 20 26 30 25 2.12 1.18 0.12 2.07 52.8 43.5 44 
3 20 26 30 50 2.69 0.95 0.27 2.64 50.2 39.5 41 
4 20 26 35 10 1.82 1.4 0 1.936 60.8 57.5 57 
5 20 26 35 25 2.4 0.15 1.2 2.36 45 60.2 52.3 
6 20 26 35 50 2.95 1.05 0.25 2.97 52.8 47.5 48 
7 20 26 40 10 2.05 1.45 -0.04 2.25 61.2 59.5 59 
8 20 26 40 25 2.76 1.3 0.18 2.72 55.5 47.5 48 
9 20 26 45 10 2.54 1.55 -0.07 2.61 60.8 57.5 57 
10 20 26 45 25 2.95 1.25 0.1 3.086 59.5 55.7 55.7 
11 20 26 45 50 3.59 1.15 0.18 3.75 52.8 45.5 46 
12 40 26 30 10 1.44 1.62 -0.1 1.475 136 136 118 
13 40 26 30 25 1.89 1.25 0.1 1.724 128 128 110 
14 40 26 30 50 2.11 1.18 0.18 2.2 78 56 59.8 
15 80 26 30 25 1.44 1.5 -0.05 1.52 216.5 253.5 253.5 
16 80 26 30 50 1.8 1.3 0.08 1.9 137 123 109 
17 80 26 35 25 1.73 1.6 -0.13 1.794 222 263 263 
18 80 26 35 50 1.93 1.3 0.1 2.2 137 123 109 
19 80 26 40 50 2.18 1.4 0.02 2.326 206.5 234 234 
20 40 30 30 10 1.27 1.65 -0.22 1.28 117.5 101 101 
21 40 30 30 25 1.54 1.37 -0.02 1.519 117 105 105.2 
22 40 30 30 50 1.79 1.18 0.09 1.845 105.7 90 89.75 
23 40 30 35 25 1.73 1.4 -0.1 1.763 111.6 97 96 
24 40 30 35 50 2.05 1.22 0.08 2.108 104 87 86.5 
25 40 30 40 25 1.92 1.4 -0.05 2.038 115.5 102.5 102 
26 40 30 45 25 2.34 1.49 -0.1 2.342 120 108.2 108.6 
27 40 30 45 50 2.76 1.32 0 2.716 110.5 94.7 94.7 
28 80 30 45 50 2.21 1.45 -0.1 2.364 226 193 191 
29 80 30 30 50 1.53 1.36 -0.02 1.52 220 221 187.6 
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Table A-1: Factor of safety and center of rotation of a single bench homogenous waste rock pile 
with H (= 20 m, 40 m, 80 m); C (=10 kPa, 25 kPa, 50 kPa), α (= 26°, 30°, 37°) and ϕ (= 30°, 
35°, 40°, 45); results obtained with SLOPE/W (Simplified Bishop Method) and from the 
Cousinsꞌ (1978) charts (see Figures A-2 to A-6) (continued) 
 Properties Obtained with Cousin's Chart 
Obtained with SLOPE/W 
Simplified Bishop Method 
 H (m) α (°)  ϕ (°) 
C  
(kPa) 
FS Y/H(tana) X/H(tana) FS X Y R 
30 20 37 30 10 1.25 1.5 -0.22 1.27 44.2 27 26.9 
31 20 37 30 25 1.54 1.4 -0.05 1.558 49.5 41.7 35.7 
32 20 37 30 50 1.92 1.22 0.1 2.1 45 35.7 32.5 
33 20 37 35 10 1.4 1.6 -0.3 1.38 42 43 43 
34 20 37 35 25 1.76 1.4 -0.08 1.77 36.5 45 37 
35 20 37 35 50 2.24 1.18 0.11 2.3 32.7 41.15 33.17 
36 20 37 45 10 1.79 1.71 -0.4 1.841 56.8 44.8 45.8 
37 20 37 45 25 2.24 1.42 -0.17 2.27 49 37 36.7 
38 20 37 45 50 2.95 1.33 0 2.857 47.5 37 37 
39 40 37 30 10 1.01 1.78 -0.42 1.033 119 100 103 
40 40 37 30 25 1.19 1.5 -0.18 1.25 82 98 83 
41 40 37 30 50 1.6 1.3 0 1.59 72.4 93 77.4 
42 40 37 35 25 1.38 1.45 -0.21 1.452 87.5 86 87 
43 40 37 35 50 1.76 1.35 -0.05 1.8 69 56 55 
44 40 37 40 25 1.6 1.6 -0.3 1.66 86.1 103 88.6 
45 40 37 40 50 1.92 1.4 -0.12 1.977 108.4 72 72 
46 40 37 45 25 1.86 1.62 -0.31 1.913 115.5 96.5 99 
47 80 37 30 50 1.28 1.5 -0.14 1.26 214.5 175 176.6 
48 80 37 35 25 1.3 1.73 -0.45 1.27 210 154 155 
49 80 37 35 50 1.45 1.5 -0.25 1.45 22.4 157.5 158.8 
50 80 37 40 50 1.57 1.6 -0.27 1.672 212 163 164 
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A-2 Comparing the value of the factor of safety and center of rotation between previously 
presented cases by Fredlund (2000) and numerical simulations (calculations performed 
with Sigma/W and Slope/W) 
 
This section presents some additional cases that are used for validation purposes. Figure A-7 
presents critical slip surface related to two relatively flat slopes with a high water table, with and 
without considering the effect of negative pore water pressure; they were presented by Fredlund 
(2000)). Flat slope height is 20 m high; the slope angle α = 30°, γ = 18.5 kN/m3, C= c = 20 kN/m2 
and ϕ' = 24°. The water table covers 2/3 of the slip surface. For ϕb = 0 and 15, FS = 1.278 and 
1.319, respectively.  
 
  
Figure A-7: Critical slip surface for a relatively flat slope when negative pore-water pressure are 
ignored (right) and taken into consideration (left) (taken from (Fredlund, 2000b) 
 
To simulate these cases, two different methods are used: the Morgenstern-Price method 
(available in SLOPE/W) and FE stress-based method (coupling of SIGMA/W and SLOPE/W; see 
section 3-2-3). The effect of negative pore water pressures on the slope stability is considered by 
using two different methods (available in SLOPE/W): the first method, using a constant value of 
ϕb (based on equation proposed by Fredlund (1978) Equation), and the second method using  the 
material water retention curve (WRC) (based on the equation proposed by Vanapalli et al., 1996).  
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It should be noted that in the second method, the material property in the original case by 
Fredlund is not clarified, so two different materials are considered here, sand and clayey silt 
(adapted from Fredlund, 1994, see Figure A-8).   
 
  
Figure A-8: WRCs and hydraulic conductivity functions for sand and clayey silt (Fredlund et al., 
1994) 
 
 
 
Table A-2: Description of different scenarios, geometry and material properties for a relatively 
flat slope with high water table, with and without considering negative pore water pressures   
Simulations 
H 
(m) 
ɑ 
(°) 
γ  
(kN/m3) 
c 
(kPa) 
 ϕ (°) ϕb (°) Simulation methods 
F1 
20 30 18.5 20 24 
0 Morgenstern-Price method  
F1S 0, Sand FE stress-based method 
F1C 0, Clay FE stress-based method 
F2 15 Morgenstern-Price method 
F2S 15, Sand FE stress-based method 
F2C 15, Clay FE stress-based method 
F3S WRC, Sand FE stress-based method 
F3C WRC, Clay FE stress-based method 
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Figure A-9: PWP distribution within the flat slope with high water table obtained with 
SIGMA/W 
 
 
 
 
Figure A-10: Critical slip surface for simulations F1 (a), F1C (b) and F1S (c) (see Table A-
2) obtained with SLOPE/W; the location of the center of rotation is also shown for the 
critical slip surface. 
(a) (b) 
(c) 
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Figure A-11: Critical slip surface for simulations F2C (a), F2S (b), F3C (c) and F3S (d) 
(see Table A-3) obtained with SLOPE/W 
 
 
 
 
 
 
 
 
(a) (b) 
(c) 
(d) 
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Table A-3: Factor of safety and location of the center of rotation obtained with SLOPE/W 
(Morgenstern-Price and FE stress based methods) for different simulations presented in Table A-
2, compared with FS obtained by Fredlund (2000, shown in figure A-7) 
Simulation FS x (m) y(m) Radius (m) 
Flat 
slope 
Fredlund (F1) 1.278 46.2 40.6 32 
F1 1.296 46.14 44.38 35.61 
F1S 1.259 45.82 40/96 34.05 
F1C 1.259 45.82 40/96 34.05 
Fredlund (F2) 1.319 44.5 43 34.5 
F2 1.333 45.86 42.16 33.69 
F2C 1.301 45.86 42.16 35.03 
F2S 1.301 45.86 42.16 35.03 
F3C 1.309 44.93 40.43 33.09 
F3S 1.33 45.86 42.16 35.03 
 
 
 
 
Figure A-12 presents critical slip surface related to two relatively steep slopes with a deep water 
table, with and without considering the effect of negative pore water pressure; that presented by 
Fredlund (2000). Steep slope height is 30 m, the slope angle α = 50°, γ = 18 kN/m3, C= c = 10 
kN/m2 and ϕ' = 34°. Most of the slip surface is located above the water table.  For ϕb = 0 and 15°, 
FS = 0.901 and 1.088, respectively.  
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Figure A-12: Critical slip surface for a steep slope when negative pore-water pressure are ignored 
(right) and taken into consideration (left) (taken from Fredlund, 2000) 
 
Table A-4: Descriptions of different scenarios, geometry and material properties for a relatively 
steep slope with deep water table, with and without considering negative pore water pressure   
Simulations 
H 
(m) 
ɑ 
(°) 
γ  
(kN/m3) 
 c 
(kPa) 
  ɸ 
(°) 
ϕb (°) Simulation methods 
S1 
30 50 18 10 34 
0 Morgenstern-Price method  
S1S 0, Sand FE stress-based method 
S1C 0, Clay FE stress-based method 
S2 15 Morgenstern-Price method  
S2S 15, Sand FE stress-based method 
S2C 15, Clay FE stress-based method 
S3S WRC, sand FE stress-based method 
S3C WRC, clay FE stress-based method 
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Figure A-13: PWP distribution within the steep slope with deep water table obtained with 
SIGMA/W 
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Figure A-14: Critical slip surface for simulations S1 (a), S1C (b) and S1S (c) (see Table A-
3) obtained with SLOPE/W; the location of the center of rotation is also shown for the 
critical slip surface. 
 
 
 
 
 
(a) (b) 
(c) 
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Figure A-15: Critical slip surface for simulations S2C (a), S2S (b), S3C (c) and S3S (d) 
(see Table A-2) obtained with SLOPE/W; the location of the center of rotation is also 
shown for the critical slip surface 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Table A-5: Factor of safety and location of center of rotation obtained with SLOPE/W 
(Morgenstern-Price and FE stress-based method) for different simulations presented in Table A-
4, compared with FS obtained by Fredlund (2000, shown in figure A-7) 
Simulation FS x (m) y (m) Radius (m) 
Steep 
slope 
Fredlund (S1) 0.901 65.6 58.7 52.8 
S1 0.901 68.66 58.29 52.26 
S1S 0.975 66 59.5 51.17 
S1C 0.975 66 59.5 51.17 
Fredlund(S2) 1.088 53.2 50.8 41.5 
S2 1.112 56 50.32 41.14 
S2C 1.245 56.25 55.41 46 
S2S 1.248 52.77 51.17 41.46 
S3C 1.374 45.62 47.47 37.55 
S3S 1.312 49.54 52.03 41.95 
 
 
 
 
 
A-3 Additional results related to Section 4-3-2: effect of dilatation angle  
To verify the effect of dilatation angle on the slope stability of waste rock pile (cases presented in 
this study), some sensitivity analyses have been conducted.  
Table A-6: Effect of variation of dilatation angle  on slope stability for cases in Group 2, local 
slip surface, C = capp = 1 kPa 
Dilatation angle   (°) 
Factor of safety (FS) 
Case S11 Case S12 Case S13 Case S14 
0 1.277 1.204 1.159 1.109 
24 1.277 1.204 1.159 1.109 
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A-4 Additional results related to Section 4-7-10: Effect of alternate layers parallel to the 
slope  
Figure A-16 shows a waste rock pile with two benches and alternate layers parallel to the slope, 
(see Section 4-7-10 and Tables 4-4 and 4-5). A sensitivity analysis was conducted to evaluate the 
effect of alternate layer’s thickness on the critical factor of safety (obtained with FE stress-based 
method). Two different thicknesses (0.5 m and 1 m) are considered.  
 
Figure A-16: Waste rock pile with two benches and alternate layers (parallel to the slope) with 
different thicknesses (0.5 and 1 m), defined based on height Ht, Hi1, Hi2 (m), length at the base 
Lb1, Lb2 (m) and length at the top Ls (m), thickness of layer Lt (m) and the angles (α = 26° and β 
= 37°). 
Figures A-17 (a) and (b) show that the thickness of layer affects the critical local FS obtained by 
FE stress-based method. As the thickness increases from 0.5 m to 1 m, the FS increases. For 
example, ϕ' = 37° and capp= 1 kPa, FS increase from 1.2 to 1.35 when the thickness changes from 
0.5 m to 1 m.  
Figures A-17 (c) and (d) present the FS for the global critical slip surface (going through the crest 
and toe). The difference in FS due to layer thickness is not significant for the global critical slip 
surfaces.  
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Figure A-17: Relationship between the local and global factor of safety and the ϕ' value for piles 
with alteration layer, Ht=20 m, α = 26°, β = 37° (layer thickness 0.5 and 1 m respectively); a) 
local FS with capp = 0 kPa; b) local FS with capp = 1 kPa; c) global FS with capp = 0 kPa; a) global 
FS with capp = 1 kPa.  
 
Figure A-18 presents the waste rock pile with two benches and alternate layers parallel to the 
slope. The properties of material are changing in alternate layers (shown in different colors). 
Unlike Figure A-16, Figure A-18 shows the material in alternate layers are changed in both 
vertical and horizontal directions in each bench (for each bench, the alternate layers are divided 
into two section vertically, the material properties of the upper part are different from lower part). 
This configuration is presented to see its effect on the waste rock pile stability.  
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Figure A-18: Waste rock pile with two benches and horizontal and vertical alternate layers, 
parallel to the slope, horizontally and vertically with thicknesses 0.5 and 1 m, defined based on 
height Ht, Hi1, Hi2 (m), length at the base Lb1, Lb2 (m) and length at the top Ls (m), thickness of 
layer Lt (m) and the angles (α = 26° and β = 37°). 
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The results in Figure A-19 show that if alternate layers change in both directions (horizontally 
and vertically) there is a slight increase of FS (both local and global critical slip surfaces).  
 
  
  
Figure A-19: Relationship between the factor of safety FS of piles with alternate layer; a) and b) 
layer thickness 0.5 m, horizontal (H), horizontal-vertical (HV), capp = 0, local critical slip surface; 
c) and d) layer thickness 1 m, horizontal (H), horizontal-vertical (HV), capp = 1 kPa, Global 
critical slip surface  
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A-5 Plate loading tests to assess the Young modulus (E) of waste rock 
 
There is a paucity of results available to evaluate the modulus of elasticity (Young’s modulus) E 
[FL-2] of waste rock, which represents the material stiffness or its resistance to straining. This 
value of E is expected to depend on various factors, including material density and effective 
confining stresses. 
There was thus a need for conducting experiments to obtain representative values of E. Plate 
loading tests were conducted in the laboratory to measure the vertical subgrade reaction, Ks (e.g. 
McCarthy, 2007): 
 
Ks = 
Pressure
Settlement
 [A-4-1] 
 
 
 
The elastic theory provides a relationship (for a semi-infinite isotropic soil) between the vertical 
subgrade reaction Ks and modulus E, for a plate of diameter D and an applied uniform pressure 
(Teodoru et al. 2009):  
 
Ks = 
4E
πD(1 − 2)
 [A-4-2] 
 
 
 
 
 
A-5-1 Test description 
The tests were performed in a large circular rigid (steel) tank (with D = 92 cm and H = 90 cm) 
filled with waste rock. The apparatus consist of a rigid plate, several rigid disks, and instrument 
to measure the applied loads and resulting settlements.  
When the tank is filled with waste rock, the relatively coarse material is removed so that a 75 cm 
diameter plate is fully in contact with the soil and four gauges are placed and fixed on this plate 
to capture the displacement. After that, a rigid disk is added to the center of the first plate. The 
settlement reading is noted. Rigid disks have diameters of either 46 cm or 22 cm. The rigid disks 
were added step by step and the corresponding displacements were measured until there was no 
perceptible increase in settlement. The average of the four (or three) gauges settlement reading 
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was taken as the average settlement of the plate corresponding to the applied load. Each plate was 
8 kg.  
 
.  
 
Figure A-20: Pilot apparatus in Laboratory for plate loading test. 
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A-5-2 Plate loading test results  
Figure A-21 presents the results that are obtained through 6 plate loading tests. Tests 1 to 4 were 
performed with rigid plates with D = 46 cm, tests 5 and 6 were conducted by application of rigid 
plates with D = 22 cm.  
  
  
  
Figure A-21: Results for plate load tests No.1, 2, 3, 4, 5 and 6 
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The estimated values of E based on Equation A-4-2 (assuming a Poisson’s ratio = 0.285, based 
on ' and on Jaky’s assumption for Ko) obtained from these tests are presented in Tables A-7 to 
A11.  
 
Table A-7: Generated E modulus from Figure A-21, Test 1 
Es= πD/4(1-v2) Ks (kPa) 
Test 1 first slope (soft) second slope (stiff) 
gauge 1 338.55 1,208.09 
gauge 2 238.64 506.03 
gauge 3 304.53 481.21 
gauge 4 1,177.11 1,561.48 
 
Table A-8: Generated E modulus from Figure A-21, Test 2 
Test 2 first slope (soft) second slope (stiff) 
gauge 1 592.35 16,479.60 
gauge 2 755.68 1,447.04 
gauge 3 658.17 737.47 
gauge 4 1,177.11 3,732.31 
 
 
Table A-9: Generated E modulus from Figure A-21, Test 3 
Test 3 
first slope 
(soft) 
second slope 
(stiff) 
gauge 1 956.41 8,970.42 
gauge 2 447.44 3,317.61 
gauge 4 805.39 40,806.63 
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Table A-10: Generated E modulus from Figure A-21, Test 4 
Test 4 first slope (soft) second slope(stiff) 
gauge 1 1,133.52 45,907.46 
gauge 2 1,133.52 2,518.93 
gauge 3 523.16 1,669.36 
gauge 4 755.68 18,362.99 
 
Table A-11: Generated E modulus from Figure A-21, Test 6 
Test 6 first slope (soft) second slope(stiff) 
gauge 1 1 150,8 1 712,6 
gauge 2 481,8 673,8 
gauge 3 825,1 1 566,9 
gauge 4 456,8 767,1 
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A-5-3 Numerical simulation of the plate loading tests 
The plate load tests results were also assessed using FE analyses with an axis-symmetric model.  
The simulation configuration is presented in Figure A-22. The waste rock elevation (thickness) 
was 65 cm; the width was 45 cm and the loading surfaces were (0.23)2π and (0.11)2π for tests 1 to 
4 and 5 to 6 respectively. The displacement boundary condition is fixed X-Y in the bottom, fixed 
X on left and right. The stiff interface was considered on the right, bottom and below the load and 
step by step loading was 8 kg for each step.   
 
 
 
 
 
 
 
 
 
 
 
Figure A-22: Simulation configuration test 1-4 (left) test 5 and 6 (right) 
Table A-12: Material properties for simulation 
Material Category- model 
Total E modulus 
 (kPa) 
Unit weight 
 (kN/m3) 
Poisson’s 
 ratio 
ɸ 
(°) 
Waste material 
Total stress parameters 
 Linear elastic 
From Tables 2 to 5 19.5 0.285 37 
Interface 1 (right 
and bottom) 
1e8  19.5 0.45  
Interface 2 (load 
surface) 
2.3e6 19.5 0.45  
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Figures A-23 to A-27 present the comparison between the simulation results and the results 
obtained from different tests. The simulation results are shown for all the tests (1 to 6). The 
experiments results present a graph with two different slopes (soft part, first par vs. stiff part, 
second part). The obtained results from SIGMA/W are closer to the experiment results related to 
the stiff part; here only the second part (stiff part) is shown.   
 
 
 
 
Figure A-23: Comparison of simulation and test results for Test No.1 
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Figure A-7: Comparison of simulation and test results for Test No.2 
 
 
Figure A-25: Comparison of simulation and test results for Test No.3 
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Figure A-26: Comparison of simulation and test results for Test No.4 
 
 
Figure A-27: Comparison of simulation and test results for Test No.6 
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The comparison between the simulation results and the results obtained from different tests 
(shown in Figures A-22 to A-27) indicate that in most cases higher displacement in tests was 
achieved. There is a need for higher E values in simulations to get more precise displacement 
values (comparing to test results),. Table A-13show the range of E-values from 6 test results 
(excluding test result 5) varied from 0.5MPa to 40 MPa. 
 
 Table A-13: Average E values obtained  
Range of E (stiff part) – kPa   
 
Gauge 1 Gauge 2 Gauge 3 Gauge 4 
Test 1 1,208.09 506.03 481.21 1,561.48 
Test 2 16,479.60 1,447.04 737.47 3,732.31 
Test 3 8,970.42 3,317.61  40,806.63 
Test 4 45,907.46 2,518.93 1,669.36 18,362.99 
Test 6 1 712,6 673,8 1 566,9 767,1 
 
 
Sensitivity analysis of E values (=5000, 10000, 20000 and 30000 kPa) in the simulation of Test 6 
is shown in Figure A-28. The results indicate a value of E between 10000 to 20000 kPa is very 
close to the test results. 
 
  
Figure A-28: Comparison of simulation and test results for Test No.6 
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Densified or compacted waste rocks are expected to show a larger modulus than in these 
laboratory tests. Bases on literature review and data presented in Table 4-2 (section 4-3-2) a value 
E= 80 MPa was used for the main analyses on homogeneous piles was presented in this thesis. 
For the compacted layers introduced in some simulations ϕ' = 45° and E = 240 MPa were used 
(see Table 4-2 and Section 2-2). 
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Appendix B – Additional results for Chapter 5 
 
This appendix includes the mesh sensitivity analysis, some additional results related to sections 
5-6-6, 5-7-2, 5-7-2-3 and a sensitivity analysis related to the WRC and its effect on infiltration 
and slope stability.  
 
B - 1 Mesh sensitivity analysis 
A sensitivity analysis has been conducted to select appropriate mesh size for simulations carried 
out with SEEP/W. This process is illustrated in the following. Figure B-1 presents a small waste 
rock pile with a height H = 10 m, with two benches. The water table is located at -4 m from the 
ground surface and foundation material is silty sand; the initial pore water pressure is fixed at -1.2 
kPa in the waste rock material (based on ψr). A rainfall of 2.314x10-6 m/sec is applied for 6 hours 
over the surface.  
 
Figure B-1: Typical pile geometry used for mesh sensitivity analyses, four different sections (A, 
B, C and D) and two points have been pointed to evaluate the infiltration in the pile due to 
various mesh sizes  
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B-1-1 Mixed quad and triangle unstructured mesh  
Figure B-2 shows a typical non-structured mesh (square and triangle, see Figure 3-3 for mesh 
configuration).  Three different mesh sizes with different element sizes along the slope surface 
(length along the line edge of 0.2m, 0.15m, and 0.1 m). 
 
 
 
Figure B-2: Typical non-structured mesh 
 
 
 
 
 
 
 
 
 
 
Length along the 
line edge 
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Figure B-3 shows the infiltration along sections A, B, C and D.  
 
  
  
Figure B-3: PWP distribution after 6 hours for a rainfall of 2.314x10-6 m/sec along lines 
(sections) A, B, C and D (Fig. B-1) for different mesh sizes  
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Figure B-4 presents the change of PWP during the 6 hours of rainfall (with an intensity of 2.314 
x 10-6 m/sec) at points 1 and 2 (Figure B-1). It shows that the PWP changes at point 1 are 
relatively similar for three different mesh sizes. For point 2, the pattern of infiltration during 
rainfall are relatively close for mesh sizes 0.15 and 0.1 m, but it is different for a mesh size 0.2 m. 
Point 2 in much closer to the surface compared to point 1 and PWP fluctuation at point 2 is better 
presented with smaller mesh size.   
 
  
Figure B-4: PWP evaluation due to infiltration at points 1 and 2 for three mesh sizes (0.2m, 
0.15m and 0.1), under a precipitation of 2.314x10-6 m/sec, for 6 hours.  
 
 
 
 
 
 
 
 
 
 
1 
2 
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B-1-2 Structured mesh (Rectangular grid of quads)   
 
To evaluate the effect of mesh size on infiltration, SEEP/W configured a specify mesh density 
(global element size) as a real length unit (m). In this study, three different global mesh densities 
(1 m, 0.5 m, and 0.25 m) are defined for this particular simulation. 
 
 
 
Figure B-5: Structured mesh (square) configuration for model simulation presented in Figure B-1 
(in SEEP/W and SIGMA/W), Case S21  
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 It is observed that after the rainfall, there is infiltration and a reduction of suction for all sections 
with all of the mesh sizes. It is seen that the infiltration of mesh size of 0.5 and 0.25 is smoother 
(more regular) compared to a mesh size of 1 m;  the suction reduction is slightly higher for a 
mesh size of 0.5 and 0.25 m. It is also observed that for a mesh size of 1m, there is more 
oscillation in the PWP distribution compared to the other two mesh sizes; this phenomenon is 
more significant along section D.  
  
  
Figure B-6: PWP distribution after 6 hours for a rainfall of 2.314x10-6 m/sec along lines 
(sections) A, B, C and D (Fig. B-1) for different mesh size  
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Figure B-7 presents the change of PWP during the time of rainfall for points 1 and 2. In this 
particular case, with the same time steps, the mesh of 0.25 and 0.5 m present approximately 
similar results. 
At point 1, mesh sizes = 0.25 and 0.5 show a similar trend for PWP variation, whereas the mesh 
= 1 m presents a decrease in PWP with slower rate after 4 hours, compared the two other mesh 
sizes (0.25 and 0.5m).  PWP reaches the value  -0.6 kPa after 5 hours of rainfall for mesh 0.25m 
and 0.5 m, while this value is reached for mesh 1m after 6 hours of rainfall.  
At point 2, the PWP variation over the time does not show significant changes from one mesh 
size to the other. However, again, the rate of PWP decrease is smoother for mesh =1 m. After 3 
hours of rainfall, mesh = 1 m gives a higher suction (-0.7 kPa) compare to mesh sizes = 0.25 m, 
0.5 m (-0.6 kPa). Also after 6 hours of rainfall, a higher suction (around -0.85 kPa) for mesh= 1 
m is observed.  
 
  
Figure B-7: PWP evaluation due to infiltration at points 1 and 2 for three mesh sizes (0.25, 0.5 
and 1m), under a precipitation of 2.314x10-6 m/sec, for 6 hours.  
 
 
 
 
 
1 
2 
342 
 
B – 2 Additional results related to effect of prolonged rainfalls (see section 5-6-6) 
 
 Variation of negative pore water pressures along the slip surface  
  
Figure B-8: Variation of negative pore water pressure along the local and global slip surface, 
before and at the end of rainfall Type R 2-2, for different cases S11, S21, S35, S41 and S51, 
initial suction WEV; a) local slip surface; b) global slip surface  
 
 Variation of FS for Case S1, under rainfall R 2-2 
 
 
Figure B-9: Evaluation of minimum critical factor of safety under rainfalls R 2-2 and R 5-2, Case 
S1, capp = 1 kPa (suction 6 kPa) 
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B – 3 Additional results presenting evolution of PWP and volumetric water content related 
to Section 5-7-2 
 
 Case S11, PWP, and volumetric water content distribution under rainfall Type R 3-3 
 
 
 
 
 
 
 
Figure B-10: Evolution of the pore water pressures (kPa) with the development of a wetting front, 
Case S11 under a constant rainfall 1.736×10-6 m/s (0.15 m/d, R 3-3); a) before rainfall; b) after 6 
hrs; c) after 12 hrs; d) after 18 hrs; e) after 24 hrs  
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Figure B-11: Evolution of the volumetric water content distribution under rainfall 1.736×10-6 m/s 
(0.15 m/d, R 3-3); Case S11 with initial VWC ≈ 0.05; a) after 6 hrs; b) after 12 hrs; c) after 18 
hrs; d) after 24 hrs 
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 Case S21, PWP, and volumetric water content distribution under rainfall Type R 3-3 
 
 
 
 
 
 
 
Figure B-12: Evolution of the pore water pressures (kPa) with the development of a wetting front, 
Case S21 under a constant rainfall 1.736×10-6 m/s (0.15 m/d, R 3-3); a) before rainfall; b) after 6 
hrs; c) after 12 hrs; d) after 18 hrs; e) after 24 hrs  
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Figure B-13: Evolution of the volumetric water content distribution under rainfall 1.736×10-6 m/s 
(0.15 m/d, R 3-3), Case S21 with initial VWC ≈ 0.05; a) after 6 hrs; b) after 12 hrs; c) after 18 
hrs; d) after 24 hrs 
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 Case S35, PWP, and volumetric water content distribution under rainfall Type R 3-3 
 
 
 
 
 
 
 
Figure B-14: Evolution of the pore water pressures (kPa) with the development of a wetting front, 
Case S35 under a constant rainfall 1.736×10-6 m/s (0.15 m/d, R 3-3); a) before rainfall; b) after 6 
hrs; c) after 12 hrs; d) after 18 hrs; e) after 24 hrs  
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Figure B-15: Evolution of the volumetric water content distribution under rainfall 1.736×10-6 m/s 
(0.15 m/d, R 3-3), Case S35 with initial VWC ≈ 0.05; a) after 6 hrs; b) after 12 hrs; c) after 18 
hrs; d) after 24 hrs. 
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B - 4 Additional results related to the effect of increasing rainfall on slope stability (see 
section 5-7-3)  
 
 
 
Figure B-16: Evaluation of minimum critical factor of safety under rainfalls R 1 and R 5-1, Case 
S1, initial condition residual suction 
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B - 5 Additional results related to section 5-7-2-3, variation of negative pore water pressure 
along global slip surface 
 
  
 
 
 
 
Figure B-17: Variation of negative pore water pressure along the global slip surface, before and 
after rainfall 1.736×10-6 m/s (0.15 m/d, R 3-3), initial suction 6 kPa; a) Case S11; b) Case  S21; 
c) Case S35; d) Case S41; e) Case S51. 
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B - 6 Additional results to evaluate the effect of AEV and WEV of material WRC in 
transient analysis  
The volumetric water content inside a waste rock pile is not expected to change much from one 
year to the next, once a (pseudo) steady-state is established (Fala et al., 2006). However, 
infiltration episodes due to major climatic events (such as snow melt and large precipitation) may 
modify the water distribution inside a pile (e.g. Dawood et al. 2011; Dawood and Aubertin 2012) 
temporarily.  
For such changing conditions, the factor of safety can be determined by the shear strength, based 
on the degree of saturation and local suction. These relationships are incorporated into 
SIGMA/W and SLOPE/W. To examine the stability of slopes during and after rainfalls, 
infiltration and groundwater flow were first modeled using SEEP/W (Geoslope International Inc.) 
to obtain the distribution of pore water pressure and volumetric water content inside the pile. 
Then the total and effective stresses distributions were determined with SIGMA/W, followed by 
a stability analysis performed with SLOPE/W. The value of FS is shown for the conditions at the 
end of the rainfalls (i.e. t = 6 hours or 12 hours for the simulations presented here). Five different 
water retention curves WRC (with different air entry values AEV and water entry values WEV -
see Figure B-18 and Table B-1) have been considered for the waste rock materials (the other 
parameters are taken as constant, in these simplified calculations).  
 
 
Figure B-18. Different water retention curves for different waste rock materials 
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Table B-1: Air entry values AEV and water entry values WEV for materials with different WRC  
Type AEV (kPa) WEV (kPa) 
Base material 0.1 1.2 
Material 1 0.35 3.5 
Material 2 0.8 8 
Material 3 2 18 
Material 4 2.5 20 
 
 
Three precipitation rates are considered for the single bench pile (H = 20 m, α = β = 37°); the 
values of recharge applied on the surface are qs (m/s) = 4.28e-007, 2.14e-006 and 4.28e-006. 
Table B-2 represents the different scenarios simulated; evaporation is not taken into account here. 
In all cases, the waste rock is initially at the residual water content (and suction). The water table 
level is located 7 m below the ground. The material below the pile has similar properties as the in 
the pile.    
 
 
Table B-2: Rainfall (recharge) scenarios 
Scenarios Description 
1.1 6 hrs of rainfall 
1.2 Five days of drainage following 6 hrs of rainfall 
2.1 12 hrs of rainfall 
2.2 Five days of drainage following 12 hrs of rainfall  
3.1 6 hrs of rainfall, followed by one day of drainage,  followed by 6 hrs of 
rainfall 
3.2 Five days of drainage following  scenario 3.1  
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Figures B-19 and B-20 shows the computed distributions of pore-water pressure (PWP) and 
volumetric water content (VWC) obtained with SEEP/W, for a vertical section located near the 
crest of the slope; these are varying with depth after 6 hours of rainfall (scenario 1.1, qs=4.28e-
006 m/s)  
Figure B-19 presents the PWP distribution for different materials (different WRC with different 
AEV and WEV). The position of the wetting front (with reduced suction) can be seen in all cases. 
The effect of the different WRC (and different hydraulic conductivity functions – not shown 
here) on the infiltration is seen in this figure. It is seen that the variation of suction along the 
vertical profile is more pronounced for materials with a higher AEV and WEV.  
 
 
Figure B-19: Suction profiles for different materials with different WRC; scenario 1.1 (qs=4.28e-
006 m/s). 
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Figure B-20 shows the volumetric water content profile for scenario 1.2. As the general shape of 
the WRC is the same for the different materials, the VWC distribution is relatively similar in all 
cases, with some local differences due to the different AEV and WEV. The volumetric water 
content profiles show an increased magnitude at an elevation of about 12 m, due to infiltration at 
the wetting front.  
 
Figure B-20: Volumetric water content profiles for different materials (with different WRC) for 
scenario 1.1 (qs = 4.28e-006 m/s). 
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Figure B-21 presents the PWP distribution for different scenarios for the Base material (Figure 
and Material 3 (Figure B-17). The pattern of PWP distribution is similar for both materials, with 
a decrease of suction near the surface due to infiltration, followed by an increase of suction 
during drainage (dry period). There are differences in the rate of infiltration and the magnitude of 
the PWP. This illustrates how the PWP distribution is influenced by the rainfall and material 
properties.  
 
 
 
 
 
Figure B-21: Pore water pressure profiles for the different recharge scenarios (see Table 3); 
single bench pile; H=20 m; (qs=4.28e-006 m/s); a) Base material, b) Material 3. 
 
 
 
 
 
(a) 
(b) 
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Figures B-22 to B-25 show some of the key results obtained from the stability analyses for 
transient cases, for different recharge scenarios. It is seen that the factor of safety can be 
influenced significantly by the rainfall and material properties, through their effect on the degree 
of saturation (and suction) in the pile.   
Figure B-22 indicates that when the waste rock in the pile is close to the residual condition (for 
VWC and PWP), two groups can be identified: group 1 for materials 3 and 4 and group 2 for the 
base material, materials 1 and 2. It is seen that group 1 shows a higher FS due to the larger 
residual suction (giving a larger capp). Also, when suction is reduced due to the rainfall 
infiltration, the factor of safety tends to decrease. This reduction of the factor of safety is mainly 
due to a decrease of the apparent (capillary) cohesion when the matric suction decreases. 
 
 
 
Figure B-22: Factor of safety of a single-bench pile, for waste rock having different WRCs (given 
in Figure 6) for varying rainfall (qs=4.28e-007; 2.14e-006; 4.28e-006 m/s), scenario 2.1. 
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Figure B-23 show that the differences between the values of FS for different WRCs, following 
infiltration, are more pronounced for materials with a larger AEV. The factor of safety obtained 
for different materials for the three scenarios tends to indicate that the stability of the waste rock 
pile depends on internal configuration, the degree of saturation and infiltration rate. For a 
medium rate recharge (qs= 4.28e-6 m/s) with durations of 6 hrs and 12 hrs, an increase of the 
AEV produces more significant changes in the factor of safety; the most significant changes 
occur in material 4. The fact that Scenario 2.1 leads to lower values of FS, compare to scenario 
1.1, also shows that longer rainfall duration produces a lower FS. The larger factor of safety 
obtained for scenario 3.1, compare to scenario 2.1 and also illustrates the effect of an increased 
recharge. 
 
 
 
Figure B-23: Factor of safety of the single-bench pile, for waste rock having different WRC 
(given in Figure 6) for varying WRC applied for qs=4.28e-006 m/s – scenarios 1.1, 2.1, 3.1. 
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Figure B-24 shows the calculations results obtained for 3 different scenarios (no 1.2, 2.2 and 3.2) 
for qs=4.28e-006 m/s. A higher factor of safety is obtained for scenario 3.2 compare to scenario 
2.2, indicating the rainfall pattern (including precedent rainfall) may also affect the pile stability.  
 
 
 
 
Figure B-24: Factor of safety of a single-bench pile, for waste rock having different WRC (given 
in Fig. 9) for qs=4.28e-006 m/s for scenarios 1.2, 2.2 and 3.2. 
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Figure B-25 shows the values of FS for material 3, for different recharge scenarios. It is seen that 
when the rainfall is relatively small (qs=4.28e-007 m/s), the value of FS does not change much 
for the various recharge rates, as suction and VWC do not vary significantly. As the rainfall 
intensity increases (up to qs=4.28e-006 m/s), the differences in the value of FS between the 
different scenarios become somewhat more pronounced, due to the effect of recharge on suction 
(and VWC).  
 
 
Figure B-25: Factor of safety of the single-bench pile, for Material 3 for varying rainfall 
intensities (for scenarios 1.1, 2.1, 1.2, 2.2 and 3.2). 
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Appendix C – Additional results for Chapter 6 
This appendix presents some complementary results related to sections 6-4-1, 6-4-2, 6-4-3 and 6-
4-4.  
C-1 Additional results related to section 6-4-1  
This section presents the sensitivity analysis to evaluate the effect of using a probability density 
function for φꞌ and γ on the probabilistic stability analysis of waste rock pile for cases S1, S21, 
S35 
 
 
Table C-1: Results obtained with Monte-Carlo slope stability analyses, using a COV 10% for ϕꞌ, 
or ϕꞌ and γ values; Case S1 (Chapter 4, Table 4-4), local and global slip surfaces. 
Slip Surface COV (%) 𝐅𝐒̅̅ ̅ RI PoF 
 
 (ϕꞌ) 1.31 3.19 0.0467 
 (ϕꞌ) & (γ) 1.31 3.18 0.06 
 
 
 
Table C-2: Results obtained with Monte-Carlo slope stability analyses, using a COV 10% for ϕꞌ, 
or ϕꞌ and γ values; Case S21 (Chapter 4, Table 4-4), local and global slip surfaces. 
Slip Surface COV (%) 𝐅𝐒̅̅ ̅ RI PoF 
Local  
 (ϕꞌ) 1.27 2.13 0.9733 
 (ϕꞌ) & (γ) 1.27 2.15 0.92 
Global  
 (ϕꞌ) 1.61 5.98 0.0000 
 (ϕꞌ) & (γ) 1.61 6.08 0.0000 
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Table C-3: Results obtained with Monte-Carlo slope stability analyses, using a COV 10% for ϕꞌ, 
or ϕꞌ and γ values; Case S35 (Chapter 4, Table 4-4), local and global slip surfaces. 
Slip Surface COV (%) 𝐅𝐒̅̅ ̅ RI PoF 
Local  
 (ϕꞌ) 1.13 1.19 10.97 
 (ϕꞌ) & (γ) 1.13 1.2 10.77 
Global  
 (ϕꞌ) 1.59 5.1 0.0000 
 (ϕꞌ) & (γ) 1.59 5.17 0.0000 
 
 
 
 
Figure C-1 to C-3 present the normal distribution of the factor of safety distribution related to the 
probability analysis for Cases S1, S21 and S35 considering the local and global slip surfaces with 
the normal distribution of ϕꞌ or ϕꞌ and γ 
 
 
Figure C-1: Normal distribution of the factor of safety for COV% = 10 (ϕꞌ, ϕꞌ and γ), Case S1 (see 
Tables 4-4 and 4-5 ), for sampling distance = 10 m. 
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Figure C-2: Normal distribution of the factor of safety for COV% = 10 (ϕꞌ, ϕꞌ and γ), Case S21 
(see Tables 4-4 and 4-5 ), for sampling distance = 10 m; a) local slip surface; b) global slip 
surface. 
  
Figure C-3: Normal distribution of the factor of safety for COV% = 10 (ϕꞌ, ϕꞌ and γ), Case S35 
(see Tables 4-4 and 4-5 ), for sampling distance = 10 m; a) local slip surface; b) global slip 
surface. 
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C-2 Additional results related to section 6-4-2  
 
The normal distribution of FS is evaluated for COV 15% on φꞌ with a uniform suction 6 kPa ( 
representing capp = 1 kPa) and different sampling distances (SD) (including random number each 
time (no spatial variation), 1, 3, 5, 8, 12 and 15 m, and sample per slice) for cases S11 and S21.  
 
  
  
Figure C-4: Normal distribution of FS obtained with Monte-Carlo simulations (SLOPE/W), COV 
= 15% on φꞌ, capp = 1 kPa; sampling distances (SD): 1 m, 3 m, 5 m, 8 m, 12 m, 15 m, per slice 
and random number each time a) critical local slip surface, Case S11 (two bench pile); b) critical 
global slip surface, Case S11; c) critical local slip surface, Case S21 (two benches with 
compacted layers); d) critical global slip surface for Case S21. 
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Figure C-5 summarizes the outputs of the probabilistic analyses; FS̅̅ ̅, RI and PoF, for Cases S11 
and S21, for both local and global slip surfaces with COV 15%.  
  
  
  
Figure C-5: FS̅̅ ̅ , RI and PoF distribution for different sampling distance (sampling once; 1, 3, 5, 
8, 12 and 15m; sampling per slice), COV 15%, obtained with SLOPE/W; a) FS̅̅ ̅ for local slip 
surface, Case S11; b) FS̅̅ ̅ for global slip surface, Case S11; c) FS̅̅ ̅ for local slip surface, Case S21; 
d) FS̅̅ ̅ global slip surface Case S21; e) PoF for local slip surfaces, Cases S11 and S21; f) RI for 
local and global slip surfaces, Cases S11 and S21. 
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C-3 Additional results related to section 6-4-3 
 
A sensitivity analysis is conducted for these two values (10% and 15%) to see their effect on the 
FS normal distribution obtained with the Monte-Carlo simulations with SLOPE/W. For cases 
S21, S22, S23 and S23 (see Tables 4-4 and 4-5).  
 
 
  
Figure C-6: Normal distribution of FS for local slip surface obtained with Monte-Carlo method of 
SLOPE/W for different COV (10%, 15%); a) Case S21; b) Case S22; c) Case S23; d) Case S24. 
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Figure C-7 presents the FS̅̅ ̅ (a), RI (b), and PoF (c) and the standard deviation SD (d) related to a 
local slip surface, obtained from the Monte-Carlo method with SLOPE/W for Group 3 (Cases 
S21, S22, S23, S24, see Tables 4-4 and 4-5), for COV 10% and 15% (φꞌ) and slip surface 
involving 60% Ht. 
 
 
 
 
  
Figure C-7: Effect of COV% (10%, 15%) on FS̅̅ ̅ , RI, PoF and Standard deviation for a local slip 
surface obtained with Monte-Carlo method (SLOPE/W), Group 3 (Cases S21, S22, S23, and 
S24); a) FS̅̅ ̅ ; b) RI; c) PoF (%); d) Standard deviation.  
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Figure C-8: Normal distribution of FS for global slip surface obtained with Monte-Carlo method 
of SLOPE/W for different COV (10%, 15%); a) Case S21; b) Case S22; c) Case S23; d) Case 
S24. 
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Figure C-9: Effect of COV% (10%, 15%) on FS̅̅ ̅ , RI, PoF and Standard deviation for a global slip 
surface obtained with Monte-Carlo method (SLOPE/W), Group 3 (Cases S21, S22, S23, and 
S24); a) FS̅̅ ̅ ; b) RI; c) PoF (%); d) Standard deviation. 
 
 
 
 
 
 
 
 
 
 
369 
 
C-4 Additional results related to section 6-4-4 
Effect of the number of iterations for Monte-Carlo method on the probabilistic stability analysis 
of waste rock pile has been shown in Figure C-10.  
 
  
Figure C-10: Normal distribution of FS based on different iterations numbers, Case S11, slip 
surface involving 60%Ht; a) COV 15%; b) COV 10%. 
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Figure C-11: Distribution of FS̅̅ ̅ , RI and standard deviation due to different iteration numbers, 
obtained with Monte-Carlo method (SLOPE/W), Case S11, slip surface involving 60%Ht, COV 
10%, and 15%; a) FS̅̅ ̅ ; b) RI; c) Standard deviation. 
 
 
